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INTRODUCTION 
Maternally inherited traits have long been known in higher plants. These are conferred to 
zygotic embryos by the genomes of the chloroplast and the mitochondrion of the female parent, both of 
which were shown to contain unique DNA in the early 1960s (Leaver and Gray, 1982). The plant 
mitochondrial genome has a more restricted coding function than that of the chloroplast. While the 
chloroplast may encode up to 123 genes (Mullet, 1988), the mitochondrion of higher plants codes for 
only about 15 to 20 polypeptides, 3 ribosomal RNAs (rRNAs; Leaver and Gray, 1982; Levings and 
Brown, 1989), and at least 20 transfer RNAs (tRNAs; Levings and Brown, 1989; Leaver et al., 1988). 
Most of the polypeptides encoded by the plant mitochondrial (mt) DNA are components of the 
respiratory complexes of the inner mitochondrial membrane. In addition, there are probably at least 
three ribosomal proteins of mitochondrial origin (Levings and Brown, 1989). 
Although the 15 to 20 polypeptides encoded by mtDNA comprise under 10% of the total 
mitochondrial protein (Leaver and Gray, 1982), they are important to cell metabolism and disease 
susceptibility. Molecular techniques have been applied to the study of higher plant mitochondria, and a 
great deal has been recently learned about the genetic system of this organelle (reviewed in Levings and 
Brown, 1989; Newton, 1988; Lonsdale, 1989). There has been extensive characterization of maize 
mitochondrial genetics, especially in relation to cytoplasmic male sterility. Physical maps of a few higher 
plant mitochondrial genomes have been published, including those for fertile (Lonsdale et al., 1984) and 
cytoplasmic male sterile, race Texas (CMS-T) maize (Fauron and Havlik, 1989), a number of Brassica 
species (Palmer and Hebron, 1986 and 1987; Palmer and Shields, 1984) and wheat (Quetier et al, 1985). 
There continues to be a great deal of interest in the molecular biology of higher plant 
mitochondria because so much of it remains unusual or unexplained. A good example of this is how very 
little is known about the translational apparatus of plant mitochondria. Although all mitochondria 
probably have similar functions, genetic information storage and use is incredibly varied between the 
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different kingdoms, and even between congeneric plants. Plant mitochondrial genomes are much larger 
than the mitochondrial genomes of animals or fungi, and multiple transcripts for each gene are the rule 
rather than the exception. In addition, the recently discovered phenomenon of RNA editing in plant 
mitochondria has made it clear that models from other systems cannot be relied upon to explain plant 
mitochondrial biology. Some of the unusual features of higher plant mitochondria are described below 
in order to provide a context for this work, which was carried out in order to investigate how maize 
mitochondria translate messager RNAs into functional protein. 
Genome Organization and Complexity of 
Higher Plant Mitochondria 
Genome size 
Dissection of the molecular structure of higher plant mitochondrial genomes has revealed 
amazing differences in the size of the genome, compared to that of related organisms in other kingdoms. 
Higher plant mitochondrial genomes range in size from about 218 to 2,500 kbp (kilobase pairs; Newton, 
1988; Wahl et al., 1981). The smallest plant mitochondrial genome is much larger than either fungal (19 
to 176 kbp; Clark-Walker, 1985; Hintz et al., 1985) or animal (16 to 23 kbp; Fauron and Wolstenholme, 
1976; Kessler and Avise, 1985) mitochondrial genomes. Great size variability is found even within a 
closely-related group; eg., within the cucurbits, mtDNA ranges from 330 kbp, in watermelon, to 2,500 
kbp, in muskmelon. Repetitive sequences may actually be less abundant (5%) in the muskmelon DMA 
than in the watermelon genome (5 to 10%) (Ward et al., 1981). Higher plant mitochondria 
characteristically display this "C-value paradox" (Bendich, 1985), analogous to the unexpected size 
differences observed when the amount of haploid nuclear DNA (the C value) is compared between 
closely related animals or plants (eg., Moore, 1984). 
The function of a small amount of the "extra" DNA in higher plant mitochondria is to code for 
additional genes. The higher plant mitochondrial rmS gene encodes a 5S rRNA not found in other 
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organisms (Leaver and Harmey, 1976; Hiesel and Brennicke, 1985). Higher plant mitochondria also 
contain the atpA gene, which encodes the alpha subunit of the mitochondrial Fj-ATPase (Hack and 
Leaver, 1983). This gene is found in the nucleus of fungi and animals (Sebald, 1977). The atp9 gene, 
encoding the proteolipid subunit of the Fg-ATPase, is in the mitochondrial genome of plants (Hack and 
Leaver, 1984), as well as in yeast (Hensgens et al., 1979; Macino and Tzagoloff, 1979), but is encoded in 
the nuclei of mammals and Neurospora (Sebald, 1977). 
Homologies to chloroplast sequences 
In maize, the mitochondrial DNA contains sequences very similar (>90% identity) to that of the 
chloroplast 16S rRNA gene and those of two tRNA genes (Stern and Lonsdale, 1982), as well as to that 
of the gene for the large subunit of Rubisco (ribulose-l,5-bisphosphate carboxylase/oxygenase; Lonsdale 
et al., 1983). Maréchal et al. (1987) observed that the wheat chloroplast and mitochondrial genes 
encoding tRNATrp are 97% identical. The identification of a gene coding for a reverse transcriptase in 
Oenothera bertiania (evening primrose) mitochondria indicate that information transfer may have 
occurred between the organelles via RNA, which was then copied into DNA in the mitochondria 
(Schuster and Brennicke, 1987). Transfer probably occurred independently several times. In one of the 
smaller plant mitochondrial genomes studied, that of spinach (327 kbp), at least twelve areas of 
chloroplast/mitochondrial homology have been identified, scattered throughout the genome (Stern and 
Palmer, 1986). Whether or not the homologous chloroplast sequences, in many plant mitochondria, 
except for the tRNAs, are functional remains uncertain (Levings and Brown, 1989). 
These higher plant mtDNA coding sequences which are not found in the mitochondrial 
genomes of other organisms do not seem to be extensive enough to explain the huge size of higher plant 
mtDNA (Newton, 1988; Bendich, 1985). Long stretches of AT-rich regions, which occur in fungal 
mitochondrial genomes (Clark-Walker, 1985), do not account for this extra mtDNA in plants, either. 
The GC content, relatively constant in a variety of plants, is 46 to 51% (Pring and Lonsdale, 1985; 
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Brennicke, 1980), so the "extra" DNA in the larger mitochondrial genomes probably does not consist of 
long stretches of short repeats of particular nucleotides. 
Arrangement of higher plant mitochondrial DNA 
The organization of mtDNA is complex and variable across Kingdom Plantae, as well. 
Restriction endonuclease analyses of plant mtDNA reveal that the genome includes chromosomal DNA, 
and, often, small linear or circular DNA and/or RNA plasmids (Lonsdale, 1989, for review). Repeated 
sequences involved in homologous recombination are found in most of the plant mitochondrial genomes 
studied so far (eg.. Palmer and Herbon, 1986; Lonsdale et al, 1984; Quetier et al., 1985). In this way, 
sequences could have been inverted and/or resolved into smaller, subgenomic circles (Lonsdale, 1989). 
The maize mitochondrial genome has six pairs of repeats. It can be arranged as a large "master" 
circle of 570 kbp, and can exist as either of two isomers, due to recombination between two copies of an 
inverted repeat. Recombination between direct repeats can lead to subgenomic circles (Lonsdale et al., 
1984). An analogous organization has been observed in sugar beet (Lonsdale, 1989), the mtDNA of 
which has five repeats. The smaller (200 to 300 kbp) genomes of radish (Raphaniis sativa) and spinach 
(Spinacea oleracea) both have a single direct repeat with four paired unique sequences flanking the 
repeats. The presence of this repeat makes the existence of a master circle or two subgenomic circles 
possible (Lonsdale, 1989). 
Lonsdale (1989) discusses three models that may explain plant mitochondrial genome 
organization and complexity: (1) Recombination may occur in a "dynamic equilibrium" between a 
master (chromosomal) circle and subgenomic circles and their multimers. (2) The genome may consist 
of a number of self-replicating circles which recombine only rarely, and the relative stoichiometry of 
these circles is maintained. The rare recombination events prevent divergence of base sequences 
between copies of the repeats (Hiesel et al., 1987; Houchlns et al., 1986). (3) In Oenothera berteriana 
(evening primrose), it appears that both (1) and (2) may explain genome organization (Brennicke and 
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Blanz, 1982; Manna and Brennicke, 1986). However the mtDNA sequences are arranged, their 
stoichiometry must be maintained, because the mtDNA restriction profiles in both whole plants and 
tissue culture lines remains stable for at least three generations of inbreeding in maize (Oro et al., 1985; 
McNay et al., 1984). It may be that some subgenomic circles, once formed, are selected against 
(Lonsdale, 1989). 
Functional genes seem to be widely scattered in the genome (Lonsdale, 1989; Newton, 1988). 
Some notable exceptions to this generalization are the closely-placed maize rml8 and mx5 (ribosomal 
18S and 5S RNA) genes (Stern et al., 1982; Dawson et al, 1986), and the Oenothera coxll and atpA 
genes, the reading frames of which overlap (Hiesel and Brennicke, 1985). 
Expression of the Higher Plant Mitochondrial Genome 
Synthesis of plant mitochondrial DNA 
Systems have been developed which allow the in organella (i.e., in intact, isolated mitochondria) 
synthesis of RNA and DNA (Riccard et al., .1983; Bedinger and Walbot, 1986; Carlson et al., 1986) 
Using extracts from wheat embryo mitochondria, Riccard et al. (1983) observed DNA synthesis which 
was dependent upon exogenous template. The wheat embryo mitochondrial DNA polymerase activity 
apparently differs from that of the gamma-polymerase of animal mitochondria (Christopher et al., 1981). 
Further characterization of higher plant mtDNA replicases has not been published (Levings and Brown, 
1989). 
Transcription of the higher plant mitochondrial genome 
While RNA import from the cytosol to the mitochondria has been observed in mammalian cells 
(Wong and Clayton, 1986), it has not yet been reported in plants. Thus one may make the working 
assumption that functional genes encoded in the mtDNA are transcribed and translated there, and that 
RNA found in the plant mitochondrion was synthesized there. Investigations into the degree to which 
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the plant mitochondrial genome is transcribed have produced conflicting results (Lonsdale, 1989). It 
appears that, as in animal mitochondria (Clayton, 1984), the entire plant mitochondrial genome may be 
transcribed, and then extensively processed (Bendich, 1985; Carlson et al., 1986; Finnegan and Brown, 
1990; Levings and Brown, 1989; Stern and Newton, 1985). This wide-scale transcription and processing 
has been observed in chloroplasts (Mullet and Klein, 1987), and is characteristic of a system containing 
few promoters (Levings and Brown, 1989). 
In maize mitochondria, in organella incorporation of ^^P-UTP resulted in the production of 
DNase-resistant, RNase-sensitive nucleic acids which hybridized to almost every restriction fragment 
from mtDNA (Carlson et al., 1986). Quantitative, but not qualitative, variations in transcription of 
portions of the mitochondrial genome were observed between different cytoplasms of the same inbred, 
suggesting that some level of regulation over transcription may operate in organella. Studies of RNA 
synthesis and turn-over in intact maize tissue yield results similar to those obtained with isolated 
mitochondria (Finnegan and Brown, 1990). This similarity suggests that, contrary to Lonsdale (1989), 
the RNA polymerase does not behave abnormally in organella. A 21 kb noncoding region bordering the 
18S,5S rRNA gene was transcribed in both systems, but was not stable (Finnegan and Brown, 1990). In 
fact, this noncoding transcript was processed somewhat less rapidly in isolated mitochondria. 
Some untranslated RNA was also found to be transcribed in cucurbits (Stern and Newton, 
1985). Despite the seven-fold variation in mitochondrial genome size observed between watermelon 
(330 kb), zucchini (840 kb), cucumber (1500 kb), and muskmelon (2,500 kb), all contain a common "core" 
of mtDNA sequences. These four cucurbits synthesize about the same number of polypeptides in 
organella (Ward et al., 1981). In watermelon, only the DNA restriction fragments from this "core" 
hybridized to mtRNA. However, in muskmelon, which has the largest mitochondrial genome observed, 
additional mtRNAs are transcribed (Stern and Newton, 1985). Bendich (1985) has also reported that a 
great deal of the mitochondrial genome is transcribed, and that, in muskmelon, about 3.5 times more of 
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the genome is transcribed than in watermelon. Clearly, transcribed sequences may not necessarily be 
coding sequences in higher plant mitochondria. 
Makaroff and Palmer (1987) found that about 30% of the turnip (Brassica campestris) 
mitochondrial genome is transcribed. At 218 kbp, turnip's mitochondrial genome is the smallest to have 
undergone much study. About 60 kb of abundant RNA is made during transcription, apparently all from 
nonoverlapping genes. Although the animal mitochondrial genome is entirely transcribed, it is only 16 to 
23 kb in size. The four additional genes known to be encoded by turnip mtDNA (i.e., mtS, atpA, atp9, 
and rpsl3, the gene for ribosomal protein S13) do not fully explain the 37 kb of unique RNA it encodes 
that animal mitochondria do not. 
In addition, although Carlson et al. (1986) reported extensive transcription of the mtDNA 
homologous to chloroplast DNA in Brassica mitochondria, Makaroff and Palmer (1987) did not. It may 
be that Carlson and coworkers analysed mtDNA contaminated by chloroplast DNA. However, a 
tRNA^y^(GCA) gene almost identical to the chloroplast tRNA^y^(GCA) gene is transcribed in wheat 
mitochondria (Wintz et al., 1988). 
The sequence complexity of plant mtRNA seems unusual if one expects it to consist of 
sequences only from genes, as does the animal mitochondrial genome. However, plant mtRNA 
complexity is similar to the mtRNA complexity of other organisms, relative to the size of each 
mitochondrial genome. While the L strand of HeLa cell mtDNA contains one URF and eight of twenty-
two tRNAs, with most of the genes on the H strand, the L strand undergoes much more transcription 
(Cantatore and Attardi, 1980). In Trypanosoma bntcei mitochondria, five maxicircle URFs (unidentified 
reading frames) are represented by abundant, polyadenylated transcripts. These probably do not encode 
proteins, however, because no translation start codons can be found, and these URFs show no 
appreciable sequence similarity to the mitochondrial proteins or URFs in other organisms (Benne et al., 
1983). The function of these untranslated transcripts may be to assist in RNA editing and/or splicing. 
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Characteristics of transcribed sequences 
Most plant mitochondrial genes exist as single copies (Dawson et al, 1986). Exceptions include 
the two copies of the atpA in the mitochondrial genome of fertile maize (Isaac et al., 1985a), and the atp9 
gene in the mitochondrial genome of Petunia hybrida (Rothenberg and Hanson, 1987). Cross 
homologies also exist between 122 bp of the coding region of the maize atp6 gene and the 5' region of the 
coxll gene in maize (Dewey et al., 1986; Lonsdale, 1989). Hiesel et al. (1987) report that sequences 5' of 
the coxll and coxl genes of Oenothera form a short repeat that allows cross hybridization when using 
probes for either sequence. 
Chimeric genes, "transcribed ORFs (open reading frames) which contain a sequence or 
sequences derived from other genes" (Lonsdale, 1989), are found in some plant mitochondria. These are 
due to rearrangements of the mitochondrial genome which result in the formation of novel genes from 
preexisting sequences, and so are examples of at least partial gene duplication. Chimeric genes have 
been implicated in the cytoplasmic male sterility of a variety of plants (see below; Newton 1988), 
including sorghum, petunia and maize. Probably the best studied example is the gene encoding the T-
URF13 protein of CMS-T maize (see below). This approximately 16 kDa polypeptide has been 
implicated in cytoplasmic male sterility, race T, in corn. The T-iirfl3 gene is a mosaic of sequences from 
the 5', 3' and coding regions of the 26S rRNA gene. Its 5' region is a repeat which is also found 5' of the 
atp6 gene. Just downstream and cotranscribed with T-urfl3 is a gene called o>f25 (also orf221) (Kennel 
et al., 1987; Dewey et al., 1986). It is found in most maize cytoplasms, but not in tobacco (Stamper et al., 
1987). The 3' end of the orf25 gene is homologous to the chloroplast tRNA^'^ gene (Dewey et al., 1986). 
The transcripts of higher plant mitochondrial genes are typically longer than necessary to 
encode their protein products (Newton, 1988; Stern and Newton, 1985). Although affinity 
chromatography with oligo d(T) columns has been reported to allow the isolation of poly(A)-containing 
RNA (Carlson et al., 1986), sequence analysis of many plant mitochondrial cDNAs indicates that plant 
mtRNAs are not poly-adenylated (Lonsdale, 1989). 
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Introns exist in monocot (Fox and Leaver, 1981; Bonen et al., 1984) and carrot (Turano et al., 
1987) coxll genes, and in the nadl and nadS genes, which encode subunits of mitochondrial NADH 
dehydrogenase (Stern et al., 1986; Wissinger et al., 1988). The coxll introns and the first nadS intron are 
group II introns (Wissinger et al., 1988), similar to those seen in the cytochrome b gene and in three 
introns of the cytochrome oxidase subunit 3 gene of Saccharomyces cerevisiae (Michel and Duijon, 
1983). Interestingly, there are ORFs within the introns of the coxll genes for which sequences have been 
determined (Fox and Leaver, 1981; Bonen et al., 1984; Kao et al., 1984). It is as yet unclear whether or 
not these are translated (Lonsdale, 1989), although the coxll intron transcripts are not always found in 
maize polysomal RNA (see Results). 
One of the most striking aspects of plant mitochondrial gene expression is that a complex 
pattern of multiple transcripts is characteristic of most higher plant mitochondrial genes (Levings and 
Brown, 1989; Newton, 1988). Explanations for these observations are sometimes obvious. For example, 
clones to genes which occur in 2 copies per genome, such as the maize atpA (Isaac et al., 1985a) and the 
petunia atp9 (Rothenberg and Hanson, 1987) genes, could be expected to hybridize to different-sized 
transcripts. Cross homologies, as between the cms-related chimeras, also explain some of the transcript 
complexity of individual genes. Many single copy genes, however, are also characterized by multiple 
transcripts. Examples include the maize coxl (Isaac et al, 1985), coxll (Dawson et al., 1986), coxIII 
(McCarty et al., 1986), atp6 (Dewey et al., 1985a), atp9 (Dewey et al., 1985b) and cob (Dawson et al., 
1986) genes. 
Multiple transcripts may be explained, in part, by the presence of more than one transcription 
initiation site per gene. Capping experiments with guanylyl transferase were used to label the free 5' 
hydroxyl end of primary, unprocessed transcripts with radioactive OTP. RNA tagged in vitro with the 
radioactive GTP cap was hybridized to maize mitochondrial DNA and subjected to single-strand-specific 
RNases. The sizes of the protected fragments suggested that there are three transcription initiation sites 
for coxIII and six for atp9 (Mulligan et al., 1988a). At least three transcription initiation sites were 
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similarly found for cob (Mulligan et al., 1988b). Therefore, it seems that a good deal of transcript size 
heterogeneity may be explained by the existence of multiple initiation sites. Searches for sequence 
homologies at the initiation sites of transcripts analyzed in this manner did not reveal an obvious, 
required start sequence, although transcription did seem to begin at the end of an approximately 8 
nucleotide A+T-rich sequence (Mulligan et al., 1988a). 
The 3' termini of higher plant mitochondrial transcripts are less variable than the 5' ends. A 50 
nucleotide sequence has been found in the transcripts of Oenothera coxll and atpA genes, 3' to the coding 
sequences, which may be folded into a secondary structure somewhat like those of bacterial transcription 
termination signals (Schuster et al., 1986). A few maize genes also contain this sequence at their 3' ends 
(eg., coxl and T-urfl3), but others, such as the maize atpA gene, do not. A definitive termination signal 
remains to be identified (Levings and Brown, 1989). 
In summary, transcript size heterogeneity observed in higher plant mitochondria results both 
from variations in the length of the 5'- and 3'-untransIated regions, and because of the existence of 
repeated gene sequences (Rothenberg and Hanson, 1988). In at least one case Ç£-urfl3), differential 
splicing gives rise to multiple transcripts. 
Translation in higher plant mitochondria 
In vivo and in vitro incorporation of radioactive amino acids The first report of incorporation of 
radioactive amino acids into mitochondrial protein came in 1958 (McLean et al., 1958) in bovine muscle 
and liver mitochondria. Since then, the animal mitochondrial genome has been completely sequenced 
(eg., Anderson et al., 1981), and the gene sequences and functions of all of its protein products have been 
identified. However, the vast majority of protein factors involved in initiation, elongation and 
termination steps, whether encoded by the nuclear or mitochondrial genome, remain uncharacterized 
(Clayton, pers. comm.). 
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In the late 1970s, essentially pure, sterile plant mitochondria were isolated which were capable 
of incorporating radioactive amino acids into proteins in an energy-dependent, chloramphenicol-
sensitive, cycloheximide-insensitive manner (Forde et al., 1978 and 1979). Etiolated shoots, storage 
tissue and green leaves from a variety of monocots and dicots have served as source tissue for the 
mitochondria in these in organello experiments. About 18 to 20 polypeptides are typically resolved by ID 
SDS-PAGE, ranging in relative molecular mass from 8 kOa to 54 kDa (Leaver et al., 1983). It seems 
that the number of proteins synthesized in organello is unrelated to genome size (Lonsdale, 1989). 
Mitochondria isolated from different organs of maize have been found to synthesize qualitatively and 
quantiatively different polypeptides in organello (Newton and Walbot, 1985). The in organello results 
were confirmed when mitochondrial protein synthesis was observed in vivo, in the presence of antibiotics 
which inhibited cytosolic and chloroplastic protein synthesis (Newton and Walbot, 1985; Forde et al., 
1978). 
RNA editing and the universal code Until very recently, it was thought that the genetic system 
of higher plant mitochondria operated with a code different from the universal code. When DNA and 
predicted amino acid sequences of plant mitochondrial genes were compared to the analogous genes in 
the mitochondria of other organisms, it seemed that CGG most probably coded for tryptophan rather 
than arginine, as it does elsewhere (Fox and Leaver, 1981). Hiesel and Brennicke (1983) supported this 
idea when they reported that TOG and CGG were optional in highly conserved domains of 
mitochondrial proteins from a number of different plants. However, sequencing of Oneothera and wheat 
mt DNA and cDNA made from mtRNA (Gualberto et al., 1989; Covello and Gray, 1989; Hiesel et al., 
1989; Lamattina et al., 1989) has shown that mtRNA can be edited, resulting in a C-to-U transition, so 
that the plant mitochondrial codon for tryptophan can exist as CGG at the DNA level, and as the 
universally-used UGG in mRNA. In addition, U-to-C and A-to-G transitions have been observed in 
Oenothera (Schuster et al., 1990a). These changes are expected to restore the universal code at the 
protein level. 
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The effect of RNA editing was substantiated by partial sequencing of the wheat mitochondrial 
ATP synthase subunit 9 and its cDNA (Graves et al., 1990; Begu et al., 1990). The amino acid 
composition, and the sequences of 32 amino-terminal and 8 carboxy-terminal residues confirm that 
editing identified at the cDNA level did result in altered codons which were translated to protein. 
Interestingly, different transcripts of the nad3 gene in Oenothera may be differentially edited 
(Schuster et al., 1990b), perhaps indicating functions for the multiple transcripts of that gene. And, 
although editing appears to be very specific, no clear consensus sequence is readily apparent at each site. 
It does seem, however, that there is a strong preference for a pyrimidine immediately 5' to the edited site 
(Begu et al., 1990). 
Translational machinerv Reports of ribosomal RNA isolation from higher plant mitochondria 
first came in 1966, from cauliflower and mushroom tissue (Pollard et al., 1966). The isolation of maize 
mitochondrial ribosomes and rRNA was reported in 1974 (Pring, 1974). The maize mitochondrial 
ribosome (monosome) was found to have a Svedberg sedimentation coefficient (S value; Brakke and 
Van Pelt, 1970) of 78S, and large and small subunits of 60 and 44S, respectively. This contrasts with the 
55S monosome in mammals (O'Brien and Kalf, 1967) and the 74S monosome in yeast (Borst and Grivell, 
1971). In plants, the chloroplast monosome is 68S, and the cytosolic monosome is 80S (Clark et al., 
1964). The average plant cell contains about 10^ ribosomes per cell, most of which are the 80S cytosolic 
monosomes. Approximately 25 to 40% of the total cellular ribosomes may be chloroplastic, while less 
than 1% of the total are typically mitochondrial ribosomes (Leaver, 1979). (There are about 10^ 
mitochondrial ribosomes per plant cell.) Ribosomal RNA comprises about 90 to 95% of the total 
mitochondrial RNA. Plant mitochondrial rRNAs exhibit a low mole percent of G + C residues, 
compared to those of other organisms and of other plant cell compartments, and so behave differently 
under denaturing conditions (e.g. in the presence of formaldehyde, Pring, 1974; Leaver and Harmey, 
1973). 
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Plant mitochondria contain an unique 5S rRNA not found elsewhere (Cunningham et al., 1976; 
Leaver and Harmey, 1976). The wheat 5S rRNA gene has been sequenced, and does not seem to be 
prokaryotic in nature (Spencer et al., 1981). It may be that its function is to join the large ribosomal 
subunit to the small subunit mRNA/tRNA complex (Beutow and Wood, 1978). 
One-dimensional polyacrylamide gel electrophoresis (PAGE) of plant mitochondrial ribosomal 
proteins reveals polypeptides which migrate differently than those of the cytosolic ribosomes (Leaver and 
Harmey, 1973; Vasconcelos and Bogorad, 1971; V. Crane, see Results). Two-dimensional analysis of 
potato tuber mitochondrial ribosomal proteins allowed the resolution of 35 polypeptides from the small 
subunit (8 kDA to 60 kDa in size), and 33 polypeptides from the large subunit (12 kDA to 46 kDA; 
Douce, 1986). None of these comigrated with the proteins from the analogous chloroplastic ribosomal 
subunits. 
Translation initiation sites A Shine-Dalgarno sequence is often found at the 5' ends of mRNAs 
in prokaryotic cells. It is complementary to the 3' end of the small subunit rRNA. This sequence 
probably plays a role in ribosome binding with the mRNA before translation initiation (Shine and 
Dalgarno, 1974; Kozak, 1983). The 3' end of the wheat mitochondrial 18S rRNA, 5'-UGAAUCC, is not 
complementary to the E. coli Shine-Dalgarno sequence of 5'-CCUCCU (Schnare and Gray, 1982), and 
so it is unlikely that these bases bind the ribosome to the mRNA. Some homology (4 to 5 nucleotides) 
easts between the region just 5' of the proposed initiator AUG codons of several plant mitochondrial 
mRNAs and the 3' end of the 18S rRNA (see Lonsdale, 1989, for a compilation). The maize and 
Oenothera cob genes have this, as do the coxll genes of maize, pea, rice and Oenothera, for example. 
The wheat cob gene (Boer et al., 1985), does not, however. 
Shine-Dalgarno sequences may not necessarily be required for initiation of translation in plant 
mitochondria. Mammalian mitochondrial mRNAs have no 5' untranslated leader sequences. Nuclearly-
encoded polypeptides are required for translation in yeast (Costanzo et al., 1986; Rdel, 1986; Tzamarias 
et al., 1986; Poutre and Fox, 1987). These interact with the 5' untranslated regions of the mitochondrial 
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mRNAs. A similar requirement may exist in plant mitochondria, although it has not yet been 
demonstrated. Some plant mtRNAs share the same 5' untranslated leader. Examples include the 
messages for T-uifl3, atp9, S-pcfand atp6 of maize (Lonsdale, 1989). 
Methods for the isolation mitochondrial polyribosomes The long, linear nature of mRNA 
allows it to be bound by several ribosomes at once during translation. Such a polyribosomal complex can 
provide a faster rate of protein synthesis per mRNA than if only one ribosome could bind the mRNA at 
a time (Hershey et al., 1986). Observation of overall changes in gene expression and regulation at the 
translational level may be made by analyzing the mRNA content of polysomes (Larkins, 1985; Beattie 
and Ken, 1987). Polysomes are also valuable when different transcripts of a particular gene exist, as they 
do in plant mitochondria, and when transcripts of unidentified function are under study. 
Plant tissues contain large amounts of RNase, so polyribosomal isolation is not always 
straightforward. Cytosolic and chloroplastic polysomes from plants have been analyzed since at least 
1964 (Clark et al., 1964), but early analyses were plagued with the problem of degradation by the high 
levels of RNase found in most plant tissues (Anderson and Key, 1971; Weeks and Marcus, 1969). Eric 
Davies (University of Nebraska) and coworkers reported a number of reliable methods for obtaining 
large, multimeric (and hence largely intact) polyribosomes from peas in the 1970s (eg., Davies et al., 
1972; Larkins and Davies, 1975; Jackson and Larkins, 1976). High ionic strength (0.2 M Tris-HCl, 60 to 
200 mM KCl) and high pH (8.5 to 9.0) seemed to suppress RNase enough so that multimeric polysomes 
could be isolated from dark-grown pea {Pisum sativum) stems, without the use of RNase inhibitors, 
which are usually inhibitors of in vitro "run-off translation on isolated polysomes. 
The isolation of mitochondrial polyribosomes has the additional requirement of mostly pure 
mitochondrial preparations. Early reports of mitochondrial polyribosome isolation include those from 
HeLa cells (Ojala and Attardi, 1972), Euglena gracilis (Avadhani and Buetow, 1972) and Neurospora 
crassa (Kuriyama and Luck, 1973). In reviewing some of these early reports, as well as their own work 
with the yeast Saccharomyces carlsbergensis, Moorman and Grivell (1976) stressed the importance of the 
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inclusion of a divalent cation chelator in the mitochondria isolation buffers. Ribosomal monosomes are 
held intact largely through ionic interactions of the two subunits and Mg^^ (Larkins, 1985). Chelators 
like EDTA (ethylenediamine-tetraacetic acid) and EGTA [ethyleneglycol-bis (beta-amino-ethyl ether) 
N, N, N', N'-tetraacetic acid] specifically bind Mg^^ and related divalent cations, leaving the solution 
concentrations of these too low to allow the maintenance of polyribosomes. 
Because they were able to isolate only very poor yeast mitochondrial polyribosomes from 
mitochondria isolated, before lysis, in the presence of EDTA, Moorman and Grivell (1976) concluded 
that perhaps the hydrophobic character of most known mitochondrial protein products so severely 
hampered the isolation of large quantities of intact mitochondrial mRNA that is was simply not a 
feasible approach to the study of mitochondrial gene expression. They also suggested that earlier reports 
of mitochondrial polysomal isolation in the absence of EDTA or EGTA were actually reports of 
cytosolic polyribosomes associated with the outer mitochondiral membrane. 
Mild detergent treatment of mitochondria offered an early solution to the problem of 
contamination by exogenous ribosomes. Gaitskhoki et al. (1977) washed rat liver mitochondria with a 
low concentration of digitonin to remove membrane-associated ribosomes. When polysomes isolated 
from these mitochondria were treated with puromycin, a tRNA analog that causes dissociation of 
prokaryotic-like ribosomes into subunits, the vast majority of the 254 nm-absorbing material sedimented 
in linear density gradients as two major peaks with S values corresponding to the animal mitochondrial 
large and small ribosomal subunits. 
Since then, chelator-washed mitochondria have been found to serve as a good source of 
polysomes, containing intact RNA suitable for in vitro translation and/or Northern analysis (eg., 
Lambowitz, 1979; Beattie and Ken, 1987; see Results). Lambowitz (1979) provided a reliable protocol 
for the isolation of Neurospora mitochondrial polyribsomes, although at least 80% of the ribosomes in 
this fraction were either monosomes or subunits, regardless of ionic strength or the presence or absence 
of chloramphenicol to prevent polysome "run-off. The Neurospora mitochondrial polysomes were 
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shown to be true polysomes, however, containing higher-order, multimeric structures which could be 
dissociated with low levels of RNase, EDTA or puromycin. This was lacking from most of the earlier 
work. 
If some of the successful methods for the isolation of mitochondrial polysomes could be applied 
to plants, then a variety of interesting questions about plant mitochondrial gene expression could be 
approached. It is unknown if some of the multiple transcripts in plant mitochondria are selectively 
bound to polysomes or selectively translated when bound. Are different transcripts used in response to 
different developmental signals? Does translational control, along with differential splicing, provide a 
means of regulating expression of a genome characterized by permissive "recombinase" and RNA 
polymerase activities? In other words, is the existence of multiple transcripts for plant mitochondrial 
genes an "accident", and does selective translation of these transcripts allow regulation of mitochondrial 
gene expression, or are most mitochondrial transcripts translated? This work was initiated to begin to 
define how maize mitochondrial transcripts are put to use. The role of maize mitochondrial transcripts 
in translation was operationally determined by their association with polyribosomes. Polyribosomes 
isolated from a high-speed-sedimenting fraction of a mitochondrial lysate from 4- to 6-day-old maize 
shoots served as a source of transcripts which were likely, at least in part, to be translated to protein. 
Cytoplasmic Male Sterility in Maize 
Of the three genomes in higher plants, the mitochondrial genome remains the least amenable to 
study by mutational analyses, because plant mitochondrial mutants are usually lethals or otherwise 
unrecognizable (Leaver et al., 1988). Cytoplasmic male sterility (CMS), one of the few types of 
biologically useful alterations in mtDNA, occurs in a variety of plants, including maize, sorghum, sugar 
beet, tobacco, sunflower, broad bean and petunia (Hanson and Conde, 1985). 
17 
CMS maize 
Male sterile plants do not produce functional pollen. When this trait is not inherited in a 
Medelian fashion, but is maternally transmitted, it is called cytoplasmic male sterility (Laughan and 
Gabay-Laughan, 1983). CMS in maize was first described in 1931 by M.M. Rhoades (Rhoades, 1931). 
CMS has since been widely used in the production of hybrid seed, a situation in which self-pollination of 
the parent plant is not desired. Most of the CMS maize used in the field was from the Texas or T source 
of CMS (CMS-T), first found in the Golden June variety in Texas (Rogers and Edwardson, 1952). In 
CMS-T maize, the tapetal cells of the anther often degenerate prematurely, before viable pollen is 
formed. Anthers usually fail to exsert, or, if they do, they quickly wither (Laughnan and Gabay-
Laughnan, 1983). By 1970, more than 85% of the seed corn grown in the U.S. had CMS-T cytoplasm 
(Laughan and Gabay-Laughan, 1983; Pring and Lonsdale, 1989). In the 1969 growing season, epidemics 
of southern corn leaf blight and yellow corn leaf blight broke out throughout the U.S. corn belt. The 
disease spread during 1970, and was especially virulent on race T CMS hybrids. About 17% of the 1970 
crop was destroyed (Tatum, 1971; Ullstrup, 1972). Partly for this reason, the molecular biology of CMS-
T has been intensively studied. As a result, CMS-T is probably the best understood manifestation of 
cytoplasmic male sterility in higher plants. 
Southern corn leaf blight is caused by Helminthosporium (Bipolaris) maydis race T (teleomorph 
Cochliobolus heterostrophus). Yellow corn leaf blight is caused by Pliyllostricta maydis (teleomorph 
Mycosphaerella zeae-maydis) (Pring and Lonsdale, 1989). The population oiH. maydis race T declined 
after its host, CMS-T maize, disappeared from the fields. It is not a virulent pathogen on normal (N) 
maize. In contrast, although the ideal host for P. maydis is CMS-T maize, it still appears as a pathogen 
in normal corn in the northern U.S. 
CMS-T maize mitochondria are uniquely susceptible to toxins produced by both pathogens. 
The HmT (also called BmT, after B, maydis) toxins, produced by H. maydis, are a family of linear beta-
oxydioxo polyketols of C35 to C41 not accumulated at equal levels by the pathogen, but with 
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approximately equal activity at about 10"^ M (Kono and Daly; Kono et al., 1980; Kono et al., 1981). It 
was found that the molecular length and the position of the beta-oxydioxo moieties on the toxin 
determined its activity and specificity. P. maydis toxins (Pm toxins) are a family of 10 to 15 linear beta-
oxy-oxo polyketols, also occurring in varying abundance, but with similar apparent specific toxicity. The 
most plentiful are the C33 and C35 species. These Pm toxins have a higher specific activity than the 
HmT toxins (Danko et al., 1984; Kono et al., 1983). In native form, these toxins are large enough to span 
a membrane bilayer (Kono and Daly, 1979). Work with artificial bilayers suggests that the toxins may act 
as ionophores (Holden et al., 1985). Investigations with intact mitochondria suggest that the toxins may 
be ionophoric only in CMS-T mitochondria (Holden and Sze, 1984). Tritium-labeled Pm and HmT toxin 
analogs did not specifically bind to CMS-T mitochondrial membranes versus those of normal maize 
plants. It is therefore possible that the toxin may penetrate the mitochondria in both cytoplasms 
(Frantzen et al., 1987). 
In the presence of toxin, CMS-T mitochondrial proton motive force is dramatically affected, and 
NAD and CoA efflux accelerates (Berville, 1984). In isolated CMS-T mitochondria, the toxins stimulate 
oxidation of NADH and succinate, inhibit malate oxidation, and inhibit dark CO2 fixation (Danko et al., 
1984; Miller and Koeppe, 1971; Payne et al., 1980; Suzuki et al., 1982). These are physiological responses 
which would be expected to occur upon the formation of hydrophobic pores in the mitochondrial inner 
membrane (Klein and Koeppe, 1985). 
Restorer genes 
The other two major types of CMS maize, CMS-C (Charrua; Beckett, 1971) and CMS-S 
(USDA), are only slightly affected by the HmT and Pm toxins. All three types (i.e., CMS-T, -S, and -C) 
differ at the molecular level, both in the mitochondria and in the nucleus, which, in restored lines, 
contains genes that bring about the reversion to fertility (Levings, 1990). The initial way these CMS 
types were distinguished was according to the nuclear restorer genes that, regardless of the presence of 
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genotypically CMS cytoplasm, allowed the production of viable male gametes. CMS-T maize is restored 
to fertility by two restorer genes, Rfl and Rf2. Both are dominant, and both are required for full 
restoration. Rfl is on chromosome 3 (Duvick et al., 1961), and Rf2 is on chromosome 9 (Snyder and 
Duvick, 1969). Restoration is sporophytic; that is, a hétérozygote for both restorer genes will produce 
100% fertile pollen, although only one-fourth of the pollen will have both Rfl and Rf2 (Laughnan and 
Gabay-Laughnan, 1983). And, although fertile, CMS-T lines restored with these genes are still highly 
sensitive to Pm and HmT toxins (Barratt and Flavell, 1975; C. M. Martinson, pers. comm.). Most maize 
mbreds carrybut not Rfl (Laughnan and Gabay-Laughnan, 1983). 
Variant polvpeptides svnthesized bv CMS maize 
The different sources of cytoplasmic male sterility may also be distinguished from each other by 
the unique polypeptides each produce. CMS-T characteristically synthesize a 13 kDa polypeptide (now 
called URF13 or T-URF13) in organello that is not made under similar conditions by mitochondria from 
normal (N), CMS-C, or CMS-S maize (Forde, 1978; Forde and Leaver, 1980; see Results). This 
polypeptide is found in mitochondrial preparations from all tissues of the plant (including roots, shoots, 
ears and kernels). When toxin-resistant cells were regenerated from tissue culture, fertile plants grew 
which did not synthesize T-URF13 (Dixon et al., 1982). TRf maize, those lines restored by an Rfl- Rf2-
genotype, synthesize much less (20 to 30%) T-URF13 than do CMS-T lines. Although an Rfl,Rf2 
genotype is required for fertility restoration, only Rfl is necessary to reduce the levels of T-URF13 in 
TRf mitochondria (Dewey et al, 1987), so the amount of T-URF13 mitochondrial protein is not the only 
phenotypic factor determining the expression of CMS-T. 
The gene T-urfl3 
The restriction profiles of mitochondrial DNA in N, CMS-C, CMS-S and CMS-T maize also 
differ (Levings and Pring, 1976; Pring and Levings, 1978). CMS-T mtDNA contains an unique 6.6-kb 
XJtol fragment. This became a 6.3-kb fragment in a number of revertants from tissue culture (Umbeck 
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and Gengenbach, 1983). The T-specific 6.6-kb fragment was cloned and partially sequenced by Dewey et 
al. (1986), and it was found to contain two, co-transcribed ORFs (open reading frames), 1-urfl3 (345 bp) 
and orps (663 bp; also called orf221). T-urflS is not found in N, C or S mtDNA, although orpS exists as 
a single copy gene in the mitochondria of a variety of plants, including N, T, C and S maize and tobacco 
{Nicotiam tabacum', Stamper et al., 1987). These reading frames were lost during a homologous 
recombination event in a revertant line analyzed by Rottmann et al. (1987). In another revertant line, T-
4, reversion to fertility and toxin-insensitivity occurred because of a frameshift mutation in T-urfl3, 
leading to a truncated and, therefore, apparently inactive, product (Wise et al., 1987). 
The arrangement oîT-urfl3 and its flanking sequences is unusual (Figure 1). The T-wf 13 gene 
is the result of several independent recombination events. As mentioned, the 5' flanking region of this 
gene is a 5 kb repeat, the other copy of which is 5' to atp6 in both T and N mitochondria. The coding 
sequence oiT-uifl3 is mostly (88%) from regions 3' to rm26, the 26S rRNA gene (Pring and Lonsdale, 
1989). The 3' terminus olT-urfl3 is identical to a 58 bp stretch of nucleotides (1055 to 1110) of mi26, 
which contains, oddly enough, helices that are highly conserved in prokaryotic rRNA (Pring and 
Lonsdale, 1989; Manna and Brennicke, 1985). In addition, a region overlapping the 3' end oîT-iirfl3 and 
the 5' end of orf25 is very similar to the chloroplast tRNA^''g gene (Stamper et al., 1987). These and 
other, smaller duplications/recombinations within and around T-urfU, along with the fact that T-itrfl3 
has yet to be found in other plants, suggests that this gene is unique to CMS-T maize mitochondria 
(Pring and Lonsdale, 1989; Levings, 1990). 
0 100 200 300 400 
1 I I I I 
-613 ATG 
5'-ATP6 I I Turf 13 I I orf221 
28S rRNA 
I I I I I 
0 1 2 3 4 kbp 
Figure 1. A schematic representation of the T-uifB gene of CMS-T maize mitochondria; Adapted from Lonsdale and Pring, 1990 
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Action and location of T-URF13 
The first substantial evidence that the CMS-T-specific 13 kDa polypeptide and T-URF13, the 
protein product of the T-urfl3 gene, were the same, came when polyconal antibodies made to a 17-amino 
acid synthetic peptide from T-urfl3 immunoprecipitated a 13 kDa polypeptide produced durmg in 
organella incorporations of radioactive methionine. This polypeptide was immunoprecipitated from 
CMS-T, but not N, mitochondria (Dewey et al. 1987; Wise et al, 1987). These antibodies also 
immunoprecipitated an 8.3 kDa polypeptide from T-4 mitochondria, the revertant line regenerated from 
tissue culture that had a frameshift mutation in T-urfl3 causing premature termination of translation 
(Wise et al., 1987). 
Recent work with polyclonal antibodies made to the native form of full-length T-URF13 (Hack 
et al., 1991) confirms earlier immunoprecipitation studies. Hack and coworkers also performed in situ 
immunolabelling of T-URF13 in sections of roots and tapetal cells, at number of stages in development, 
from N and CMS-T maize. They found that T-URF13 is located in the inner mitochondrial membrane, 
and saw no obvious change in amounts of the protein in tapetal cells at different developmental stages. 
Toxin sensitivity has been linked to the presence of T-URF13 in a number of species after 
transformation with the Turf-13 gene. Dewey et al. (1988) transformed E. coli with T-urfU using an 
inducible vector system. Transformed cells produced a 13 kDa protein localized in the plasma 
membrane which untransformed cells lacked. Transformed cells were toxin-sensitive, while 
untransformed cells were toxin-resistant. As in isolated mitochondria, T-URF13 caused membrane 
permeability and ion leakage in transformed E. coli. Site-directed mutagenesis of T-urfl3 rendered 
transformed E. coli resistant to the T toxins, and identified a potential toxin binding site on the protein 
(Braun et al., 1989). Binding experiments with toxin-insensitive E, coli (strains transformed with mutant 
T-urfl3 sequences) also indicate that, while toxin binding is required for increased membrane 
permeability, it is not sufficient to cause increased membrane permeability. That is, the toxin must bind 
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to a normal T-URF13 protein to cause increased permeability of the mitochondrial inner membrane 
(Braun et al., 1990). 
Eukaryotes transformed with the T-urflS sequence have also been shown to be toxin-susceptible 
(Huang et al., 1990). Saccharomyces cerevisiae was transformed with the signal peptide from the 
Neurospora crassa atp9 gene fused to the 5' end of T-urfl3, and the resultant protein (also 13 kDa in size) 
was found to be inserted into the yeast mitochondrial membranes. The transformed yeast cells were 
toxin-sensitive, while control cells transformed with a construct lacking the targeting sequence were not. 
Transcription ^ f T-urfl3 
Like many higher plant mitochondrial genes, H-urflS is characterized by a complex transcription 
pattern. Major transcripts of 3.9,2.0,1.85,1.8,1.6,1.5 and 1.1 kb, depending upon the presence of 
nuclear genes, are typically observed (Dewey et al., 1986; Dewey et al., 1987; see Results). This pattern 
is influenced by restorer genes. Dewey et al. (1986) reported that TRf maize contained a unique, 1.6 kb 
T-urflS transcript not found in T mitochondria. Levels of the 1.5 kb transcript abundant in T 
mitochondria was missing in TRf mitochondria. 
Kennell and Pring (1989) determined the transcription initiation sites for T-iirfl3 and orf25 
transcripts (the two genes are co-transcribed) in both T and TRf lines. They discovered that the 5' end 
of the restored transcript was initiated 3' to the start of the T-URF13 coding sequence. They also 
observed that the reduction of the amounts of the major T-urfl3 transcripts in lines with the Rfl gene 
was not enough to, by itself, explain the reduction in amounts of the 13 kDa protein in TRf mitochondria. 
This, along with the observation that equal amounts of TURF-13 could be immunoprecipitated from in 
vitro translation reactions driven by equal amounts of mtRNA from either CMS-T or CMS-TRf 
mitochondria (E. Hack, unpublished results), raised the possibility that Rfl acted at the translational 
level to control levels of T-URF13 in restored plants. 
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The first portion of this dissertation describes the development of techniques which allowed the 
extraction of multimeric polyribosomes from maize mitochondria, structures whose isolation from any 
higher plant was hitherto unreported. With this ability to prepare and characterize maize mitochondrial 
polysomes, it was possible to compare the amount and sizes of T-urfl3 message bound to polysomes 
from T and TRf mitochondria in order to test the idea that translational regulation of T-urfl3 was 
responsible for the reversion to fertility in TRf lines. The work described in this dissertation thus 
addressed the possibility of translational control (i.e. selective or regulatory use of transcripts by 
translation machinery) in maize mitochondria. 
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MATERIALS AND METHODS 
Plant Material 
Seeds of maize OH43, Mol7, W64A and B37 inbreds in N (normal), T (Texas, or cms-T) and 
TRf (revertants to T, with Rfl and Rf2 nuclear genes) cytoplasms were kindly provided by Dr. C. A. 
Martinson, Department of Plant Pathology, Iowa State University. Seeds of the maize inbreds B73(N) 
and B73(T) were obtained from Pioneer Hi-Bred International, Inc., Johnston, Iowa, or from field-
grown plants. Seeds of the maize hybrid LH51 x Mol7 were purchased locally. 
Mitochondria were isolated from dark-grown maize shoots, and, a few times, from unfertilized, 
field-grown cobs weighing under 30 grams. The shoots were grown from seeds that had been surface-
sterilized in 5% (w/v) sodium hypochlorite (1:1 v/v Chlorox) for about 10 min and imbibed for six hours 
to overnight in running tap water. Seeds were planted in autoclaved vermiculite saturated with tap water, 
in trays surface-sterilized with 70% (v/v) ethanol, and were allowed to grow for 4 to 6 days, at 29 to 
30°C, in the dark. 
Isolation of Mitochondria 
Mitochondria were isolated by differential and sucrose density gradient centrifugation as 
described by Leaver et al. (1983a), except that the grinding and wash buffers included EGTA at a final 
concentration of 5 mM, instead of 1 mM. 
Polyribosome Isolation from Maize Mitochondria 
The procedures developed to obtain maize mitochondrial polysomes were similar to those 
published for the isolation of Eiiglena gracilis (Avadhani and Buetow, 1972) and Neurospora crassa 
(Lambowitz, 1979) mitochondrial polyribosomes. All procedures involving polysomal material were 
carried out at 0 to 4°C with RNase-free glassware and buffers. Mitochondria isolated under sterile 
conditions in buffers containing a divalent cation chelator were collected from the 1.2 to 1.45 M layer of 
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sucrose step gradients using a Pasteur plpet tip bent at a 90° angle. After drop-wise dilution in the cold, 
the gradient-purified mitochondria were pelleted by centrifugation. Mitochondrial pellets were 
resuspended in one of several polysome isolation buffers. These buffers are listed in Tables 1 and 2. 
The optimized polysome isolation buffer consisted of 40 mM Tris-HCl (pH 8.6), 50 mM KCl, 20 mM 
MgCl2, 0.25 M sucrose, 5 mM DTT and, often, 50 /<g/ml chloramphenicol. Polysome isolation buffers 
also contained the ribonuclease inhibitors sodium heparin ("grade I", Sigma, St. Louis, Missouri) or 
human placental ribonuclease inhibitor (RNasin, Promega Biotec, Inc., Madison, Wisconsin) at 
concentrations of 50 to 100 //g/ml or 20 to 40 units/ml, respectively. 
Mitochondria were lysed by the addition of NP-40 (Calbiochem, San Diego, California) or 
polyoxyethylene 10 tridecyl ether (Sigma) to give a final concentration of 1% (v/v). After 3 to 5 min on 
ice, the lysate was clarified by centrifugation for 10 min at Sl.OOO^^jnax- The supernatant was spun 
through a 1.75 M sucrose cushion (lysatexushion volume ratio, 1:1 to 2:1) for 2 to 4 h in a fixed angle 
rotor (with a Beckman 70.1T1 rotor in a Beckman L8-70 ultracentrifuge) at 280,000;^^^. The sucrose 
cushion was in the same buffer as the polysome isolation buffer. (The sucrose used in these buffers, as 
well as in all buffers coming in direct contact with RNA, was RNase-free, "grade I" sucrose from Sigma.) 
After ultracentrifugation, the supernatant was discarded, and the tube sides were washed three times 
with ice-cold, RNase-free water. The remainder of the sucrose cushion was quickly removed, the pellet 
rinsed with a small volume cold isolation buffer, and, after the addition of 0.4 ml buffer per 25 to 50 gram 
fresh weight, quick frozen in liquid N2. Pellets were stored at -80°C for up to six months. 
Cytosolic Polyribosome Isolation 
Total maize shoot polysomes were isolated from the postmitochondrial supernatant of 5-day-
old, dark-grown plants by the method of Jackson and Larkins (1976). Total E. coli polyribosomes were 
isolated from HBlOl cells grown to approximately log phase, according to Girbes et al. (1979). 
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TABLE 1. Distribution of 245 nm-absorbing ribosomal and polyribosomal material in 10 to 30% (w/v) 
sucrose density gradients: influence of isolation buffer composition, in heparin 
KCl 50 mM 50 mM 50 mM 200 mM 200 mM 200 mM 
KAc --- --- 50 mM — ... ---
pH 7.5 7.5 8.6 8.6 8.6 8.6 8.6 
heparin ... 10 ug/ml 50 ug/ml 100 ug/ml 10 ug/ml 50 ug/ml 1 mg/ml 
CAPl --- ... ... 50 ug/ml --- ... ... 
detergent^ NP-403 NP-40 NP-40 PTE4 NP-40 NP-40 NP-40 
p5/x6 358 35 42 72 47 55 19 
LP7/T 5 8 18 33 8 11 4 
LP/P 14 22 43 45 16 19 22 
^chloramphenicol. 
^Used to lyse mitochondria, before pelleting polysomes. 
^NP-40: Nonident P-40. 
4pTE: polyoxyethylene 10 tridecylether. 
^P: polyribosomes. 
^T: total UV-absorbing material. 
^LP: large polysomes; structures larger than trimers. 
^Ratios reflect percent polyribosome distribution. 
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TABLE 2. Distribution of 254 nm-absorbing ribosomal and polyribosomal material in 10 to 30% (w/v) 





















p6/T7 799 75 43 
LP8/T 31 12 13 
LP/P 40 16 29 
^RNasin: human placental ribonuclease inhibitor (Promega). One unit (U) is equal to the amount of 
RNasin required to inhibit the activity of 5 ng ribonuclease A by 50%. 
^chloramphenicol. 
^Used to lyse mitochondria, before pelleting polysomes. 
'^PTE: polyoxyethylene 10 tridecylether. 
^NP-40: Nonidet P-40. 
^P: polyribosomes. 
^T: total UV-absorbing material. 
®LP: large polysomes; structures larger than trimers. 
^Ratios reflect percent polyribosome distribution. 
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Isolation of Membrane-Bound Polyribosomes 
Polyribosomes bound to the inner membrane of maize mitochondria were isolated from a 
mitochondrial lysate (Mcintosh and O'Toole, 1976) which had been centrifuged for 10 m in at 
30,000xggiax to remove unlysed mitochondria and outer membranes. The supernatant was layered over 
a 1.5:2.0 M sucrose step gradient, and centrifuged for 4 hr at 20O,OOOxgjQ33j.- Membrane-bound 
polysomes were collected from the interface of the sucrose steps, and unbound polysomes from the 
pellet. 
Sucrose Density Gradient Analysis of Polysomes 
Total maize shoot polysomes or the high-speed-sedimenting fraction of a maize mitochondrial 
lysate were allowed to thaw slowly on ice, and then resuspended in a 2 ml ground glass homogenizer. 
Except for in very early work, the resuspension was then placed in a microfuge tube and 
microcentrifuged for about 5 sec to remove insoluble material. (RNA was often extracted from this 
pellet; see below.) A 5 //I aliquot of the supernatant was removed for quick spectrophotometric 
quantitation of the resuspended material at 254 nm. The resuspended polysomes (0.1 to 0.5 ml, 
depending on the A254 units to be fractionated) were layered onto 4 ml, 10 to 30% (w/v) linear sucrose 
density gradients made, in 40 mM Tris-HCl, pH 8.6,20 mM KCl, 10 mM MgCl2,100 or 50 g/ml 
heparin and 25 /ig/ml chloramphenicol. These gradients were poured by hand-layering, from bottom to 
top, 0.5 ml 30%, 1.0 ml each of 25%, 20% and 15%, and 0.5 ml 10% (w/v) sucrose in 5 ml Ultraclear 
(Beckman) centrifuge tubes. The gradients were allowed to diffuse at 4°C for 4 h before use. After 
sample loading, the gradients were centrifuged at 185,000j^njax for 1 h, at 4^0 (with a Beckman SW55 
rotor in a Beckman L8-70 ultracentrifuge). Gradients were fractionated with either an ISCO (ISCO, 
Inc., Lincoln, Nebraska) Model 164 or 185 Density Gradient Fractionator at 0.375 ml/min. The 
absorbance of the fractionated material was monitored at 254 nm using a flow cell attached to a strip 
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chart recorder. A blank tube for each batch of sucrose gradient stocks was usually also analyzed. The 
linear nature of these hand-poured gradients was confirmed several times throughout the course of these 
experiments by fractionating a blank gradient into 100 fA fractions, and measuring the refractive index of 
drops from each fraction with a Bausch and Lomb refractometer. When plotted, the refractive index of 
the gradient fractions was found to increase linearly with fraction number. 
Sedimentation coefficients for material in the major peaks of the polysomal profiles were 
calculated according to McEwen (1967), using tables published by ISCO (ISCO pamphlet DS-528A) and 
the omega^t integrator function of the ultracentrifuge. Relative peak areas were determined by 
photocopying the profiles, cutting out the profile peaks and weighing the appropriate pieces of paper 
with an analytical balance. The following ratios, similar to those used by Davies et al. (1972) for 
determining polysome quality, were calculated: P/T, LP/T and LP/P [total A254-absorbing material 
(T); polyribosomes (P), the material sedimenting more rapidly than monosomes; and, large polysomes 
(LP), the material sedimenting more rapidly than, in this system, trimers]. 
In order to confirm that the 254 nm-absorbing material sedimenting in these gradients was 
polysomal, the mitochondrial lysate was subjected to three different treatments that specifically 
dissociate polyribosomes. These were: (1) 10 //g/ml RNase A for 10 min at 4°C (2) 5 mM EDTA for 10 
min on ice and (3) 1 mM puromycin for 10 min at 27°C. The material was then layered onto a sucrose 
density gradient and analyzed as just described. In each case, one half of a resuspended crude 
mitochondrial polysomal pellet was subjected to a dissociating treatment, while the other half was 
fractionated untreated, as control. 
To determine the message content of the RNA in each profile peak, gradient fractions of about 
0.5 ml were collected directly in microfuge tubes which contained 0.5 ml phenol:chloroform:isoamyl 
alcohol (50:49:1), 50//110% (w/v) SDS and 25 fû 0.4 M EDTA, pH 8.0. RNA was immediately 
extracted from each fraction as described below. 
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RNA Extractions 
Thawed, resuspended polysome pellets were adjusted to 20 mM EDTA, pH 8.0,1% (w/v) SDS, 
and the nucleic acids were obtained by several cycles of phenol:chloroform:isoamyl alcohol (50:49:1) 
extraction, followed by precipitation with ethanol. Cytosolic or total mitochondrial RNA was extracted 
from 5-day-old etiolated shoots in the high-salt, high-pH buffer of Cashmore (1982). E. coli HBlOl 
RNA was isolated from resuspended polyribosomal pellets. 
During the course of this project, several other methods of RNA extraction from tissue 
containing high levels of RNase were published. Of these, the acid guanidinium thiocyanate-phenol-
chloroform extraction method of Chomczynski and Sacchi (1987), and the aurintricarboxylic acid method 
of Wadsworth et al. (1988) were used sucessfully to obtain RNA from whole shoots, intact mitochondria, 
and both fractionated and unfractionated mitochondrial polyribosomes (see Results). 
Electrophoresis of RNA 
RNA was size fractionated in denaturing, 6% (v/v) formaldehyde, 1.3% (v/v) agarose gels as 
described by Maniatis et al. (1982). Size markers were E. coli rRNAs, and maize shoot cytosolic and 
mitochondrial rRNAs run in adjacent lanes. RNA was visualized by staining the gels with ethidium 
bromide, followed by observation under ultra-violet (UV) light (Maniatis et al., 1982); or, alternatively, 
by the inclusion of a one-tenth volume of a 5 mg/ml ethidium bromide solution in the RNA solution just 
before electrophoresis. 
Plasmid Isolation 
Plasmid DNA (see Appendix I) was isolated from E. coli cells containing the appropriate 
gene(s) by the alkaline lysis procedure (Miller, 1987). Later isolations followed a protocol published by 
Promega, obtained from Drs. Paul Kreig and Doug Melton (in Protocols and Applications Guide, 
Promega, Promega Corp., Madison, Wisconsin), which allowed the rapid isolation of virtually pure 
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plasmid DNA. If large amounts of high-quality DNA were required, cesium chloride gradients were used 
to purify the plasmid DNA (Maniatis et al., 1982). 
Northern Hybridizations 
RNA was transferred from formaldehyde-agarose gels and fixed to nitrocellulose filters 
(Schleicher and Schuell) or nylon-reinforced nitrocellulose (BAS NC, Midwest Scientific, Valley Park, 
Missouri), as specified by the manufacturers, except that two sheets of Whatman 3MM paper soaked in 
20X SSC, pH 7.0, replaced the standard wick and reservoir. (Exposed, wetted paper was covered with 
plastic wrap to prevent evaporation of the SSC). Transfer was allowed to go for 12 to 24 h. Afterwards, 
filters were air-dried, sandwiched in new Whatman 3MM paper and baked in a vacuum oven at 80°C for 
1 to 2h. DNA probes were labeled with by nick translation (Maniatis et al, 1982) or random-primed 
end labeling (Feinberg and Vogelstein, 1983) and hybridized to the filters, using the procedure of Wahl 
et al. (1979), with the omission of dextran sulfate from the hybridization buffers. Entire plasmids were 
usually labelled. Sometimes, the gene insert was isolated from low-melting-temperature agarose, or 
from regular agarose by electrophoresing the DNA fragment into dialysis tubing (see Maniatis et ai., 
1982), and then labelled. After hybridization, the filters were washed 3X, 5 min each, in 2X SSC, 0.1% 
(w/v) SDS, at room temperature, then 2 to 3X, 20 min each, in O.IX SSC, 0.1% (w/v) SDS, at 60°C. 
Washed filters were covered with plastic wrap and exposed to X-ray film (Kodak X-Omat AR) using 
DuPont Cronex Lightening Plus intensifying screens, at -80°C. Film was developed using Kodak 
chemicals, according to the manufacturer's instructions. For reuse, filters were placed in a glass pan in a 
shaking boiling water bath for 10 to 30 min, until no detectable counts remained bound. 
Analysis of Maize Mitochondrial Ribosomal Proteins 
Proteins were isolated from polysome after dialysis of the gradient fractions to remove sucrose, 
which would interfere with protein precipitation, according to Barritault et al. (1976), except that, after 
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the addition of 2 volumes glacial acetic acid to the initial sample dispersion, the RNA-removing 
centrifugation step was omitted. It was found that this step drastically reduced yield. Proteins were 
separated by SDS-PAGE (see below). For comparison, approximately equal amounts of CMS-T and -
TRf mitochondrial protein (from pellets of intact mitochondria resuspended in gel loading buffer) were 
run in lanes adjacent to the ribosomal proteins. 
Protein Synthesis by Isolated Mitochondria 
Purified mitochondria were resuspended and allowed to incorporate p^S]-methionine as 
described by Leaver et al. (1983), for up to 90 min at room temperature (about 24°C). Reaction 
mbrtures contained 5 fiCi per sample. The incorporation of radioactivity into acid-precipitable material 
(i.e., into polypeptides) was monitored by spotting 5 /il aliquots of the reaction mixtures onto Whatman 
3MM filter paper and precipitating protein on the filters with trichloroacetic acid (TCA; Leaver et al., 
1983). The reactions were stopped by the addition of one ml of ice-cold Resuspending Buffer (see 
Leaver et al., 1983) containing 6 mM nonradioactive methionine. Mitochondria were pelleted by a 4 to 6 
min microfugation, the supernatant was removed, and the pellets were quick-frozen in liquid N2 and 
stored at -80°C. In pulse-chase experiments, incorporation was allowed to proceed for a certain time, 
after which a "chase" of nonradioactive methionine (2 to 6 //I of a 12 mM solution) was added to the 
reaction tubes. Reaction mixtures contained 25 ^ Ci per sample. Chase times varied (see appropriate 
figure legend), and were terminated by filter-spotting and addition of stop buffer, as above. 
Mitochondria were lysed with 1% (w/v) SDS, and labeled products were analysed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) in 12 to 18% (w/v) acrylamide 
(acrylamide:N,N'-methylenebisacrylamide ratio 30:0.8) linear gradient gels (16 or 32 cm long). Gels 
were stained with Brilliant Blue R (C.I. 42660) and dried on Whatman 3MM filter paper. Labeled 
polypeptides were detected by autoradiography. 
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In Vitro Translation Using a Wheat Germ Extract 
RNA extracted from mitochondrial polysomal pellets, from whole mitochondria and from intact 
shoots was used to direct incorporation of [^^S] methionine into protein in a wheat germ system. An S-
30 extract of wheat germ, prepared by the method of Anderson et al. (1983), which had been optimized 
for the translation of mitochondrial RNA (E. Hack, L. Girton and V. Crane, unpublished results) was 
used. These translation conditions were, in a total of 50 //1,20 mM HEPES-KOH (pH 7.6), 100 mM 
potassium acetate, 2.3 mM magnesium acetate, 1 mM ATP, 0.05 mM GTP, 8 mM phosphocreatine, 0.1 
mg/ml creatine kinase, 86 fiM spermine, 2.3 mM dithiothreitol, 25 /iM each of nonradioactive L-amino 
acids (excluding methionine), 10 fiCi L-p^SJmethionine (Amersham SJ.204), 15 fil wheat germ extract 
(containing 1.5 A260 units), 1 U/ml RNasin, RNA (2 to 15 /<g) and sterile water to volume. Reactions 
were begun by the addition of the wheat germ extract, and were usually allowed to proceed at 30°C for 
60 m in. The incorporation of radioactivity into polypeptide was monitored in the same way as for 
protein synthesis in isolated mitochondria. Reactions were stopped by the addition of 2 lû 0.12 M 
methionine and four volumes ice-cold acetone, followed by storage at -20°C. Translation products were 
analyzed in the same way as proteins made by isolated mitochondria (above), except that, before 
electrophoresis, suspension of the pellet was often difficult, requiring repeated rounds of boiling and 
mild sonication. 
Attempts at Immunoselection of T-urflS from Polyribosomes 
A number of attempts were made to isolate T-urfl3 transcripts from CMS-T mitochondrial 
polyribosomes, all identical to or modifications of Barkan (1989). Purified, RNase-free IgG was used to 
select the nascent T-URF13 polypeptide in order to observe levels T-urfl3 transcripts being translated in 
vivo. Selected RNA was EtOH-precipated, electrophoresed in formaldehyde-agarose gels and blotted to 
nitrocellulose. RNA was probed with labelled pBH9 (T-M//i3), atp9 and coxl. 
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Western Transfer and Immunological Detection of T-URF13 
Polypeptides from unlabelled mitochondria (20 //g/lane) were fractionated by SDS-PAGE and 
were electrophorectically transfered to nitrocellulose ("Western blotting", Maniatis et al., 1982). 
Polyclonal antibodies to native T-URF13, the gene product olT-urflS, were prepared by C. Lin (Hack et 
al., 1991). These were used to probe the protein blots, following the procedure of Towbin et al. (1979). 
The antibody-anitgen complexes on the filters were detected with of an alkaline-phosphatase-conjugated 
anti-IgG system developed by Blake et al. (1984), using Bio-Rad (Bio-Rad Laboratories, Richmond, 




Characterization of Maize Shoot Mitochondrial Polyribosomes 
This investigation into the function of maize mitochondrial mRNAs depended upon the ability 
to isolate intact maize mitochondrial polyribosomes. When this work began, no reports existed of the 
isolation of mitochondrial polyribosomes from any higher plant. Because of this, it was critical to 
develop a reliable method for extracting intact (i.e. multimeric) mitochondrial polyribosomes from maize 
which could serve as a source of mRNA suitable for in vitro translation and Northern analysis. 
Isolation buffer optimization 
Polysomes, as defined according to a number of criteria, were isolated from lysates of 
mitochondria from 5 to 6 day-old, dark-grown maize shoots. When resolved over 10 to 30% (w/v) or 10 
to 50% (w/v) sucrose density gradients, material pelleted from a lysate of maize shoots exhibited 
absorbance proHles at 254 nm characteristic of polysomes (Figure 2). Initial isolation procedures 
included the use of buffers of relatively low ionic strength (50 mM KCl) and neutral (7.5) pH (Figure 
2a). Addition of as little as 10 mg/ml (milligram/milliliter) heparin improved the recovery of longer 
polymeric species (Figure 2b). Isolation of maize shoot polysomes in buffers containing more than 100 
mg/ml heparin brought about extensive dissociation of the ribosomes, reducing the yield of polysomes to 
levels obtained when no ribonuclease inhibitor was included (see Table I). The mitochondrial polysomes 
were also sensitive to the high ionic strength (eg., 0.2 to 0.3 M) of buffers commonly called for by 
cytosolic polysome isolation protocols. Isolation buffers of relatively low ionic strength (50 mM KCl or 
potassium acetate) and basic pH (8.6), containing 50 mg/ml heparin, yielded the longest polysomes 
(Table I). Isolation buffers containing 50 mM KCl or potassium acetate, at pH 8.6 and 10 to 40 U/ml 
RNasin, yielded polysomes of comparable length, and up to 75% of the UV-absorbing material 
sedimented as polysomes in these preparations (Table II). 
Figure 2. Absoibance profiles at 254nm of 10 to 30% (y/N) sucrose densi^ gradients containing size-fiactionated maize mitochondrial 
polyribosomal material, with and without heparin: (a) Polysomes (11 A254 units) isolated without an RNase inhibitor (e.g., 
heparin), and (b) Polysomes (18 A254 units) isolated in bikers containing 50 fig/ml heparin 
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Confirmation of the polvsomal nature of the material pellleted from Ivsed mitochondria 
Putative polysomal material resuspended in isolation buffer readily dissociated into monosomes 
and/or ribosomal subunits following treatment with RNase, puromycin or EDTA (Figure 3). The only 
peaks observed in dissociation gradients had sedimentation coefficients corresponding to maize 
mitochondrial ribosomal subunits or monosomes (see Pring, 1974). It is therefore unlikely that the 
absorbance profiles of the fractionated mitochondrial polysomal pellets were due to nonspecific 
aggregations of ribosomes. 
It is also unlikely that a significant amount of the polysomal material isolated from the 
mitochondrial lysates was of cytosolic or chloroplastic origin. Sedimentation coefficients of 77 to 78S, 
expected for maize mitochondrial monoribosmes (Pring, 1974; Leaver, 1979), were measured for the 
major peaks, whereas control profiles (data not shown) of total shoots polyribosomes were typified by 
major peaks of 80S or larger. (Maize cytosolic monosomes sediment at 80S, and chloroplast monosomes 
sediment at 68S). 
In addition, when RNA isolated from the polysomal fraction was analyzed on an RNA blot, after 
formaldehyde-agarose gel electrophoresis, by probing the blot with clones to either the maize cab gene 
or to the pea psbA gene (Figure 4), no signal was observed. The gene psbA is encoded in the plastid 
genome (Steinbeck et al., 1984), and codes for the 32-kDa quinone-binding protein of PSII (photosystem 
II). The cab gene, which is nuclearly-encoded, codes for the chlorophyll a/b-binding protein. 
Transcripts of cab are present in etiolated as well as light-grown shoots (Sullivan et al., 1989). The 
presence of RNA in the mitochondrial lanes was confirmed by their hybridization to the mitochondrial 
rml8,5 gene (Figure 4c), which also contains some homology to the cytosolic small (17S) rRNA. In 
contrast to the absence of hybridization of psbA and cab clones with mitochondrial polysomal RNA, 
these clones readily hybridized to cytosolic RNA made from dark-grown maize shoots (Figure 4a, lane 3; 
Figure 4c, lane 4), or, in the case of psbA, to light-grown Chlamydomonas reinhardtii (courtesy T. 
Winder; Figure 4c, lane 1). When such a blot was overexposed, a faint hybridization signal was 
Figure 3. Absorbance profiles at 254nm of 10 to 30% (w/v) sucrose density gradients containing 
dissociated maize mitochondrial polyribosmes In each case, half of a resuspended crude 
polysomal extract containing 6 A254 units was subjected to a treatment which dissociates 
polyribosomes, and half was fractionated untreated to yeild a control profile (control profiles 
were very similar to the profile in Figure 2b): (a) Polysomes treated for 10 min at 4°C with 
10 ng/va\ RNaseA before layering on sucrose gradient, (b) Polysomes treated with 1 mM 
puromycin for 10 min at 27®C before layering onto gradient and (c) Polysomal resuspension 
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Figure 4. Autoradiograph of an RNA blol probed with a ^^P-labelied clone of plastid-encoded (psbh) 
and nuclearly-encoded (cab) genes (a) with cab: (1) B37T polysomal mtRNA (5 //g), (2) 
B37T whole mtRNA (5 fig) and (3) B37T cytosollc RNA (6 fig); (b) filter used in (a), 
stripped, and reprobed with a P-labelled clone of the maize mi 7^5 gene; (c) with psbk : 
(1) total RNA from Chlamydomonas reinliardtii (5 fig), (2) LH51 x Mol7 whole mtRNA 
(5 fig), (3) LH51X Mol7 polysomal mtRNA and (4) LH51 x Mol7 cytosollc RNA (5 fig); 
(d) filter used in (c), stripped, and reprobed with a P-labelled clone of the maize rml8,5 
gene 
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occasionally apparent between some preparations of whole mitochondrial (i.e., not polysomal) RNA and 
cab (data not shown). Low levels of contaminating cytosolic RNA apparently are occassionally part of 
RNA preparations from whole mitochondria, but not from the mitochondrial polysomal fraction. 
When analyzed by denaturing agarose gel electrophoresis, the rRNAs extracted from the 
mitochondrial polysomal pellets comigrated with whole mitochondrial rRNAs, and moved more slowly 
than did cytosolic rRNAs (Figure 5). This result is in agreement with others' reports concerning the 
mobilities of the mitochondrial rRNAs relative to the cytosolic in denaturing gel electrophoresis 
(Schuster and Sisco, 1986). 
Northern analvses of unfractionated polysomal mRNA 
The nature and integrity of RNA isolated from maize mitochondrial polysomes were tested in a 
series of RNA-DNA hybridization experiments. RNA isolated from the crude (unfractionated) 
polysomal fraction of the mitochondrial lysate hybridized to labeled probes containing sequences specific 
for the maize atp6 (Figure 6), atp9 (Figure 7), T-atpA (Figure 8), cob (Figure 9), and coxll (Figure 10). 
No hybridization of these mitochondrial protein genes was observed to cytosolic polysomal RNA run in 
parallel lanes (see appropriate Figure). The data presented in this section represent examples of several 
(>4) repititions of the same experiment, with material from at least two genetic backgrounds. It is 
significant that, in each case studied, all of the transcripts for a particular gene in the whole mtRNA were 
also observed in the polysomal mtRNA. That is, no selective incorporation of one transcript over 
another into the mitochondrial polysomes was observed in the RNA of unfractionated polysomes. 
ATP6 Four major (4.5,4,2.1 and 1.8 kb) and 4 minor (6,3, 2.6 and 2.3 kb) transcripts (Figure 
6; Dewey et al., 1985) are typically produced from the maize mitochondrial atp6 gene. The 2.3 kb 
transcript was apparent only after overexposure of the blot. The predicted protein sequence of ATP6 
yields a molecular mass of 31,721 (Dewey et al., 1985). If one assumes the average molecular mass of an 
amino acid to be 100 Da (M. Spalding, pers. comm.), then the atp6 gene would require a transcript of 
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Figure 5. Agarose-formaldehyde gel electophoresis of RNA extracted from dark-grown maize shoots, 
whole mitochondria and mitochondrial polyribosomes, stained with ethidium bromide and 
viewed on an UV-transilluminator: (1) polyribosomal mtRNA (4/ig), (2) as in (1) (3/ig), 
(3) as in (1) (1 /jg), (4) whole mtRNA (1 /4g), and (5) cytosolic RNA (1 fig) 
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Figure 6. Autoradiograph of an RNA blot probed with a P-labelled clone of the maize 
mitochondrial atp6 gene (see Appendix), and hybridizing to transcripts in (1) 6 ng cytosolic 
RNA (LH51X Mol7), (2) 6 ng whole mtRNA (LH51 x Mol7) and (3) 6 fig pqlvsomal 
mtRNA (LH51 x Mol7); lanes 1 to 3 were then stripped and reprobed with a P-labelled 









Figure 7. Autoradiograpli of an RNA blot probed with a P-labelled clone of the maize 
mitochondrial atp9 gene (see Appendbc), and hybridizing to transcripts in (1) 3 /ig cytosolic 
RNA (B73N), (2) 3 /ig whole mtRNA (B73N) and (313 ng polysomal mtRNA (B73N); 
lanes 1 to 3 were then stripped and reprobed with a P-labelled clone to the maize 
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Figure 8. Autoradiograph of an RNA blot probed with a P-labelled clone of the maize 
mitochondrial T-atpA gene (see Appendix), and hybridizing to transcripts in (1) 6 /<g 
cytosolic RNA (LH51 x Mol7), (2) 6 fig whole mtRNA (LH51 x Mol7) and (3) 6 fig 
polysomal mtRNA (LH51 x Mol7); lanes 1 to 3 were then stripped and reprobed with a P-
labelled clone to the maize mitochondrial mi 7(^5 gene (lanes 4 to 6, respectively) 
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Figure 9. Autoradiograph of an RNA blot probed witii a ^^P-labelled clone of the maize 
mitochondrial cob gene (see Appendbc), and hybridizing to transcripts in (1) 5 ng cytosolic 
RNA (B73N), (2) 5 fig whole mtRNA (B37N) and (3) 5 ng polysomal mtRNA (B37N); lanes 
1 to 3 were then stripped and reprobed with a P-labelled clone to the maize mitochondrial 
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Figure 10. Autoradiograph of an RNA blot probed witli a ^"P-labeiled clone of the maize 
mitochondrial coxll gene (see Appendix), and hybridizing to transcripts in (1) 3 cytosolic 
RNA (B73N), (2) 3 fig whole mtRNA (B73N) and (3)3 //g polysomal mtRNA (B73N); 
lanes 1 to 3 were then stripped and reprobed with a P-labelled clone to the maize 
mitochondrial rrnl8,5 gene (lanes 4 to 6, respectively) 
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951 bases to encode ATP6, half the length of the smallest of this gene's multiple transcripts. 
ATP9 This gene is characterized in maize mitochondria by five distinct transcripts, of about 2.6, 
2.2,1.0,0.8 and 0.6 kb (Figure 7; Dewey et al., 1985). The 2.2 kb transcript is usually visible only after 
extended exposures. ATP9 contains about 74 amino acids, which could be encoded by a transcript of 
only 222 nucleotides. Interestingly, because a duplication of about 80 nucleotides from withm the atp9 
sequence overlaps a few of the terminal codons of the coxl reading frame, this atp9 probe could pick up 
the coxl transcripts (Shuster and Brennike, 1985). These are about 2.4 and 2.3 kb, so one or both of the 
atp9 transcripts of 2.6 and 2.2 may actually be from coxl. The two transcripts identified with the coxl 
probe migrate much closer to one another than the two larger atp9 transcripts, however (Figures 7 and 
14). The coxl probe does pick up the three smaller atp9 transcripts, but only very faintly (data not 
shown). 
T-ATPA Two major mitochondrial T-atpA transcripts, of 3.8 and 2.5 kb, and, in longer 
exposures, at least three minor transcripts of 4.5,3.3, 2.9 and 1.8 kb (Figure 8), were observed. The 
maize ATPA polypeptide is about 58 kDa (Hack and Leaver, 1983), so the smallest of the T-atpA 
transcripts would be about 60 nucleotides larger than strictly required to encode ATPA. 
COB The maize mitochondrial gene for the apoprotein of cytochrome b, cob, is characterized 
by as many as 13 transcripts, ranging in size from about 1.75 to 5 kb (Figure 9; Dawson et al., 1984). Of 
these, the 4 and 2.3 kb transcripts are the major transcripts. The maize COB polypeptide is about 340 
amino acids long, requiring a transcript of at least 1,020 nucleotides. 
COXII The maize mitochondrial coxll gene, which codes for cytochrome oxidase subunit II, is 
characterized by about 5 major tanscripts, between 2.0 and 2.6 kb, and as many as 8 minor transcripts, 
ranging in size from 0.7 to 2.0 kb, and 3 to 3.5 kb. The 4 largest transcripts (Figure 10) arise from the 
mtronic region of the gene (Fox and Leaver, 1981; see below). This is the only mitochondrial gene used 
in this study that contains an intron. The approximate molecular mass of COXII is 30 kDa, which would 
be encoded in at least 900 nucleotides of spliced mRNA. 
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la vitro translations m a wheat germ extract 
The integrity and coding function of mitochondrial polysomal RNA was also tested in an in vitro 
translation system optimized for plant mitochondrial RNA (see Materials and Methods). Polypeptide 
patterns on SDS-gels of in organella p^S]-methionine incorporation products differ dramatically from 
those of in vitro translation products of whole mtRNA (Figure 11). It was hypothesized that in vitro 
translation products of polysomal mtRNA would more closely resemble those synthesized by isolated 
mitochondria. Instead, polysomal and whole mtRNA in vitro translation products migrated almost 
identically in SDS-PAGE (Figures 11 and 12). When used to drive protein synthesis in a wheat germ 
extract, polysomal mtRNA isolated in buffers containing heparin inhibited the acid-stable incorporation 
of radioactivity, relative to background incorporation (Figure 11). Heparin is a potent inhibitor of in 
vitro translation in a variety of systems (Slobin, 1976). Washing procedures designed to remove heparin 
from RNA before in vitro translation (Palmiter, 1974) resulted in low yields of partially degraded RNA 
(data not shown). In vitro protein synthesis was greatly increased when RNA was extracted from 
polysomes isolated without heparin, and in the presence of RNasin. The polypeptides synthesized in 
vitro from the polysomal mtRNA template corresponded in electrophoretic mobility to those made when 
whole mitochondrial RNA was added to the wheat germ system (Figure 12). The integrity of the RNA 
isolated from the mitochondrial polysomal pellet was comparable to that of RNA isolated directly from a 
whole mitochondrial lysate. The polysomal mtRNA drove synthesis of large-molecular-mass 
polypeptides characteristically made in our translation system with whole mtRNA from normal strains of 
maize (E Hack, L. Girton and V. Crane, unpublished results). That is, the polysomal mtRNA was not 
more degraded than the whole mtRNA. Some quantitative differences, however, in the amounts of 
particular polypeptides synthesized when whole or polysomal mtRNA was used as the translation 
template were seen (Figure 12). 
Figure 11. In vitro translation products synthesized in a wheat germ extract (except 7), analyzed by 
electrophoresis in a 9 to 15% SDS-polyacrylamide gel and fluorography to reveal the 
incorporation of [ S]-methionine into polypeptide; The following maize shoot RNAs were 
used to drive translation: (1) background control; no RNA added, (2) 5 fig whole mtRNA, 
(3) 10 fig cytosolic RNA, (4) 15 fig polysomal mtRNA, (5) 10 fig polysomal mtRNA, (6) 5 
fig polysomal mtRNA and (7) products of in organella protein synthesis by 0.8 mg 
mitochondrial protein; RNA in lanes 4 to 6 was prepared from polysomes isolated in 50 
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Figure 12. In vitro translation products synthesized in a wheat germ extract, analyzed as in Figure 11, 
and catalyzed by the addition of the following maize shoot RNAs: (1) 3 //g whole mtRNA 




For instance, more of the two abundant polypeptides of large-molecular-mass (greater than 66 kDa) was 
synthesized from whole mtRNA than from polysomal mtRNA, and more of an approximately 29 kDa 
polypeptide was synthesized in vitro from polysomal than from whole mtRNA. 
Comparison of the products of in vitro translation of both whole and polysomal mtRNA with 
those of total shoot cytosolic or plastid-enriched RNA indicates that the synthesis of many of these 
polypeptides is due neither to contaminating cytosolic RNA (Figure 11, lane 2), nor to plastid RNA (data 
not shown). 
Northern analyses of fractionated polysomes 
Because of the existence of multiple transcripts for many higlier plant mitochondrial genes, and 
in order to see if any of the polysomal mtRNAs were actually in high-speed-sedimenting 
ribonucleoprotein storage particles, the distribution of the transcripts of several genes in fractionated 
polysomes was investigated (Figures 13 to 15). Polysomes resolved into populations of similar size on 
linear density sucrose gradients, observed as peaks of absorbance at 254 nm. RNA isolated from each 
fraction was run on formaldehyde-agarose gels, blotted to a solid support, and probed with labelled 
clones to maize mitochondrial genes. The presence of ribosomes in each polysomal fraction was 
confirmed by hybridization of clones to both rRNA genes (Figures 13b,c and 14b,c). In these profiles, 
the monosome peak, initially identified by its sedimentation coefficient, was confirmed by the high level 
of both mi7^ J andmj2(5 transcripts in that fraction, but not in the fraction just above it. In addition, the 
approximate relative levels of these RNAs were about 2-to-l, large subunit RNA to small, which is 
characteristic of preparations of mostly intact mtRNA (Schuster and Sisco, 1986). 
Messenger RNA was found in almost all of the polysomal fractions (Figures 13 to 15). These 
results were obtained using polyribosomes isolated both in RNasin (Figure 14) and heparin (Figure 13 
and 15). Somewhat surprisingly, multiple transcripts of the protein-coding genes were found in higher-
order mitochondrial polysomes. For instance, at least all of the many coxll transcripts observed in RNA 
Figure 13. The distribution of rRNAs and mRNA in maize (OH43N) mitochondrial polyribosomes 
isolated in buffers containing 50 /ig/ml heparin (a) Absorbance profile at 254 nm of 2.7 
A250 units loaded onto a 10 to 30% (w/v) sucrose density gradient; the gradient was 
fractionated into 10 fractions of 0.5 ml each; (b-d) Autoradiograph of an RNA blot of the 
polysomal RNAs isolated from the gradient fractions and probed with a P-labelled clone 
to the (b) rml8,5 gene, (c) rm26 gene and (d) coxl gene; lane 11 contains one half of the 
RNA pelleted during the 30 sec clarifying microcentrifugation after homogenization of the 
crude polysomal pellet; the supernatant was layered onto the gradient 
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Figure 14. The distribution of rRNA and mRNA in maize (LH51 x Mol7) mitochondrial 
polyribosomes isolated in buffers containing 40 U/ml RNasin; (a) absorbance profile at 
254 nm of about 3 A260 "^its loaded onto a 10 to 30% sucrose density gradient; the 
gradient was fractionated into 10 fractions of 0.5 ml each; (b-d) RNA blot of the polysomal 
RNAs isolated from the gradient fractions and hybridized with (b) the mi 7^ 5 gene, (c) the 
rm26 gene and (d) the coxl gene; lane 11 contains one half of the RNA pelleted during the 
30 sec clarifying centrifugation after homogenization of the crude polysomal pellet; the 
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Figure 15. The distribution of mRNA in maize (B37N) mitochondrial polyribosomes isolated in 
buffers containg 50 Ag/ml heparin (a) Absorbance profile at 254 nm of 4 A26O units loaded 
onto a 10 to 30% sucrose density gradient; the gradient was fractionated into 10 fractions of 
0.5 ml each; (b-c) RNA blot of the polysomal RNAs isolated from the gradient fractions 
and hybridized with (b) the coxll gene and (c) the atp6 gene; lane 11 contains one half of 
the RNA pelleted during the 30 sec clarifying microcentrifugation after homogenization of 
the crude polysomal pellet; the supernatant was layered onto the gradient 
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from unfractionated mitochondrial polysomes (Figure 10) were found in RNA extracted from 
fractionated polysomes containing up to 7 to 8 ribosomes (Figure 15). No preferential localization of any 
coxll transcript size was observed in any polysomal fraction. Indeed, the three largest, low-abundance 
coxll transcripts which are specified by the gene's intron are found throughout the polysomal gradient, 
but in lower levels than they were in the unfractionated polysomal mtRNA. In this regard, it is very 
interesting that this intron contains an open-reading frame in yeast, human, and bovine mitochondria, 
and may do so in maize (Fox and Leaver, 1981, and references therein). 
Only the larger (2.4 kb) of the two coxl transcripts, (Isaac et al., 1985), however, were found in 
multimeric polysomes (Figure 13d and 14d). Both the 2.4 and 2.3 kb cocci transcripts are more than long 
enough to encode the 58 kDa COXI polypeptide (Isaac et al., 1985). In one experiment (with OH43T), 
both coxl transcripts were found in higher-order polysomes, and the larger transcript was about 2 to 3 
times more plentiful than the smaller (data not shown). A complex, but incomplete, pattern of 
transcripts was found in fractions containing large polysomes (greater than 3-mer) for the genes T-atpA 
and atp6. The T-atpA transcripts in higher-order polysomes were the three most plentiful in 
unfractionated polysomal mtRNA: the 3.8, 3.3, and 2.5 kb transcripts. In addition, the 2.9 kb transcript, 
in very low relative abundance in unfractionated polysomal mtRNA, was about as prevelent as any other 
in mtRNA from higher-order polysomes. The 4.5 kb transcript, which is about 11% of the whole and the 
unfractionated polysomal T-atpA mtRNA, was not in higher-order polysomes (data not shown). The 
atp6 transcripts most prevelent in the larger polysomes were also among those most abundant in 
unfractionated polysomes, except that the largest transcript, of 4.5 kb, was not observed at all in the 
larger polysomes. In addition, the smallest of these major transcripts, the 1.8 kb transcript, was at least 
as plentiful as the 2.1 kb transcript, which is the major transcript in unfractionated polysomes. In 
addition, of the minor atp6 transcripts, only the 2.6 kb transcript was visible, even after very long 
exposures (Figure 15). Interestingly, an enrichment for mitochondrial mRNA in multimeric polysomes 
was observed, especially when compared to the amount of rRNAs in the polysomes, which roughly 
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corresponded to the amount of light absorbance at 254 nm (Figures 13d, 14d and 15c). Several of the 
transcripts for the gene that codes for the subunit 9 of the F complex of the maize mitochondrial 
ATPase, atp9, were found in mulitmeric polysomes, as well. Of these, the major transcript in whole 
mtRNA and crude polysomal mtRNA, the 1.0 kb transcript, was also the major transcript in larger 
polysomes. Usually, very long exposures were required to visualize the two largest transcripts of this 
gene (see below). 
When brought to 50 mM EDTA before fractionation, the 254 nm-absorbing material moved to 
the top of the gradient, as did the mtRNA (Figures 20 and 21). No sign of rapidly-sedimenting mRNPs 
was found in maize mitochondria. 
Membrane association of mitochondrial polysomes. 
When RNA isolated from membrane-bound and unbound fractions of mitochondrial lysates was 
subjected to Northern analysis, no detectable cob transcripts were associated with the unbound fraction 
(Figure 16). Most of the identified mitochondrial protein genes encode inner-membrane components. It 
may be that, as in chloroplast thylakoid biogenesis, plant mitochondrial membrane proteins are 
synthesized on a translation apparatus attached to the inner membrane. 
Translational Control oîT-urflS in CMS-T and -TRf Maize 
T-urfl3 transcripts m polvsomal mtRNA 
When the RNA extracted from whole mitochondria and mitochondrial polyribosomes of CMS-T 
and TRF (see Introduction) maize is tested for the presence of T-urfl3 transcripts, patterns such as those 
in Figure 17 are seen. These patterns are identical to those published by others (Dewey et al., 1986, 
1987; Kennell and Fring, 1989; Kennell et al., 1987) for whole mtRNA. B37T mitochondrial polysomes 
contained the 3.9,2.0,1.8 and 1.5 kb transcripts (Figure 18) in multimeric structures. The 2.0 and 1.8 kb 
transcripts were clearly the most abundant T-uifl3 transcripts, although the others, especially the 1.5 kb 
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Figure 16. Association of transcripts of a maize mitochondrial gene, cob, with the membrane-bound 
fraction of a mitochondrial lysate. RNA blot of mtRNA isolated from (1) the membrane-
bound fraction and (2) the unbound, or free, fraction, and probed with a P-labelled clone 




Figure 17. Autoradiograph of an RNA blot probed with the ^^P-labelled pBH9 {T-urfl3) clone; RNA 
was prepared from whole mitochondria from (1) B73N, (2) B73T and (3) B73TRf shoots 
Figure 18. The distribution of l-urflS transcripts in fractionated B37T mitochondrial polysomes (a) 
Absorbance profile at A254 of 6 A260 units loaded onto a 10 to 30% (w/v) sucrose density 
gradient; the gradient was fractionated into 11 fractions of 0.45 ml each; autoradiograph of 
the RNA blot of this gradient's RNA probed with a P-labelled (b) T-iirfl3 clone (pBH9) 
and (c) atp9 clone; fraction 12 contains one half of the RNA pelleted during the 30 sec 
clari^ng microcentrifugation after homogenization of the crude polysomal pellet; the 
supernatant was layered onto the gradient 
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transcript, which begins internal to the start site of the gene, and is therefore not able to code for a full-
length T-URF13 molecule, is seen to be plentiful in longer exposures. OH43T RNA from higher-order 
polysomes also contains these major T-urfl3 transcripts, but no enrichment of one transcript size over 
the others is apparent throughout the gradient (data not shown). Nuclear effects on T-urfl3 
transcription have been reported (Kennell and Pring, 1989), although not on the strains used in this 
work. B37TRf mitochondrial polyribomes contained four major T-urfl3 transcripts, of 3.9, 2.0,1.8 and 
1.6 kb (Figure 19; see Introduction for explanation of restorer gene influence on transcription). None of 
these were any more or less abundant than any other in the larger polysomes. In contrast, the 1.6 kb 
transcript in OH43TRf mitochondria is noticably enriched over the other transcripts in high-order 
polysomes (data not shown). A slight shift in the distribution of T-urflS transcripts towards higher-order 
polysomes is apparent in B37TRf versus B37T (Figures 18b and 19b). In all of these analyses of the 
polysomal content of the T-iirfl3 transcripts, the RNA blot was washed and tested for the presence of 
transcripts from atp9 and/or coxl. No differences in transcript distribution was seen between T and TRf 
cytoplasms (Figures 18c and 19c). 
The possibility of the existence of storage particles in TRf mitochondria, which could 
hypothetically sequester T-urfl3 transcripts, and which would co-sediment with polyribosomes, was 
tested by treating the crude polysomal suspension with EDTA just before loading onto the sucrose 
density gradient. No such particles could be identified, and the vast majority of T-urfB transcripts in 
both cytoplasms stayed in the top of the sucrose gradient when polysomes containing them had been 
dissociated (Figures 20 and 21). 
Immunoselection attempts 
Numerous attempts were made to selectively isolate only T-urfl3 transcripts bound to 
polysomes. Barring translational arrest, which typically occurs because of a change in the external 
environment (e.g., Klein et al.,1988), transcripts bound to polysomes should have been those undergoing 
Figure 19. The distribution of T-urflS transcripts in fractionated B37TRf mitochondrial polyribosomes 
(a) Absorbance profile at A254 of 3 A260 units loaded onto a 10 to 30% (w/v) sucrose 
density gradient; the gradient was fractionated into 11 fractions of 0.45 ml each. 
Autoradiograph of the RNA blot of this gradient's RNA probed with a P-labelled (b) T-
urJ13 clone (pBH9) and (c) atp9 clone; fraction 12 contains one half of the RNA pelleted 
during the 30 sec clarifying microcentrifugation after homogenization of the crude 
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Figure 20. The distribution of mRNA in fractionated B37T mitochondrial polyribosomes in 50 mM 
EDTA (a) Absorbance profile at A254 of 5 A26O units loaded onto a 10 to 30% (w/v) 
sucrose density gradient. The gradient was fractionated into 11 fractioiK of 0.45 ml. 
Autoradiograph of the RNA blot of this gradient's RNA probed with a P-labelled (b) T-
uifl3 (pBH9) and (b) atp9 clone; fraction 12 contains one half of the RNA pelleted during 
the 30 sec microcentrifugation after homogenization of the crude polysomal pellet; the 
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Figure 21. The distribution of mRNA in fractionated B37TRf mitochondrial polyribosomes in 50 mM 
EDTA (a) Absorbance profile at A254 of 3 A26O units loaded onto a 10 to 30% (w/v) 
sucrose density gradient. The gradient was fractionated into 11 fractions of 0.45 ml. 
Autoradiograph of the RNA blot of this gradient's RNA probed with a P-labelled (b) T-
urfl3 (pBH9) and (b) atp9 clone; fraction 12 one half of the RNA pelleted during the 30 sec 
microcentifugation after homogenization of the crude polysomal pellet; the supernatant was 
layered onto the gradient 
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translation just before removal from the organism. A high-affinity, high-titer preparation of anti-T-
URF13 made by Lin Chentao (Hack et al., 1991) was used. After purification and removal of RNase by 
running it over a protein A-sepharose column, the antibody was complexed with resuspended 
polyribosomes. This mbrture was run over another protein A-sepharose column and extensively washed. 
Selected transcripts were eluted from the column with EDTA-containing washes. All washings were 
tested by Northern blot analysis for the presence of T-urflS and other mitochondrial transcripts. While a 
large amount of T-urfl3 transcript could be eluted from the column with EDTA, so could transcripts of 
other maize mitochondrial genes (coxl, coxll and atp9). These transcripts were as, or almost as, 
abundant as the T-urfl3 transcripts in the final (EDTA) wash fraction (data not shown). Although 
immunoselection experiments typically also "select" other mRNAs at 5 to 20% the levels of the selected 
mRNAs (A. Barkan, pers. comm.), the levels obtained in these experiments were too high to justify 
continued immunoselection experiments. 
Pulse- chase in or^anello incorporations 
In order to see if the difference observed in levels of T-URF13 in T and TRf cytoplasms was due 
to more rapid degradation of the molecule in TRf mitochondria, a series of pulse-chase experiments 
were carried out. Gradient-purified mitochondria were allowed to incorporate [^^S]-methionine for 
various lengths of time, and the incorporation reactions were stopped by adding a vast excess of 
nonradioactive methionine. Early pulse-chase experiments were designed with short (5 and 10 min) 
pulses of labelled amino acid, because the steady-state differences in the levels of T-URF13 in T and TRf 
are seen after only 30 min of in organella protein synthesis. When high-specific activity pulses (25 
//Ci/reaction) were administered for 5 and 10 min, however, more labelled polypeptide was synthesized 
during the 60 min cold chase than during the 5 and 10 min pulses of radioactivity (i.e. than in reactions 
not receiving a chase; Figures 22 and 23). In spite of the short pulse times, the levels of T-URF13 
synthesized in the two cytoplasms was relatively similar to those seen after 30 and 60 min of 
Figure 22. Pulse-chase in organella incorporation experiment with short pulses of [ S]-methionine 
(a) Autoradiograph of a 12% SDS-polyacrylamide gel containing in organella products of 
0.8 mg B37T mitochondrial protein (1) acetate control, (2) 5 min pulse, no chase, (3) 5 min 
pulse, 60 min chase, (4) 10 min pulse, no chase, (5) 10 min pulse, 60 min chase, (6) 20 min 
pulse, no chase, (7) 20 min pulse, 60 min chase, (8) 20 min pulse, 180 min chase, (9) 60 min 
pulse, no chase, (10) 60 min pulse, 60 min chase; (b) Autoradiograph of a 12% SDS-
polyacrylamide gel containing in organella products of 0.8 mg B37TRf mitochondrial 
protein (1) acetate control, (2) 5 min pulse, no chase, (3) 5 min pulse, 60 min chase, (4) 10 
min pulse, no chase, (5) 10 min pulse, 60 min chase, (6) 20 min pulse, no chase, (7) 20 min 
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Figure 23. Percent incorporaticm of TCA-precipitable radioactivity during pulse-chase in organella 
incorporations of [ S]-methionine, with chase versus without: with short pulses of 
exposure to labelled methionine (see Figure 22); no significant incorporation of 
radioactivity took place in CMS-TRf mitochondria after 5 min exposure to labelled 
methionine 
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Figure 24. Pulse-chase in organeilo experiment with long chases (30 min to 12 h) after 60 min pulses of 
[ S]-methionine; In each case, protein synthesis occurred in isolated B37 mitochondria 
equal to about 0.8 mg protein, (a) Autoradiograph of a 12% SDS-polyacrylamide gel 
containing in organeilo products synthesized during 60 min pulses in (1) B37N, no chase, (2) 
B37TRf, no chase, (3) B37T, no chase, (4) B37T, 30 min chase, (5) BSTT, 60 min chase, (6) 
B37T, 2 h chase, (7) B37T, 3 h chase, (8) B37T, 4 h chase (9) B37T, 5 h chase, (10) B37T, 6 
h chase, and (b) Autoradiograph of a 12% SDS-polyacrylamide gel containing in organeilo 
products synthesized during 60 min pulses in (1) B37N, no chase, (2) B37T, no chase, (3) 
B37TRf, no chase, (4) B37TRf, 30 min chase, (5) B37TRf, 2 h chase, (6) B37TRf, 3 h 
chase, (7) B37TRf, 4 hr chase, (8) B37TRf, 5 h chase, (9) B37TRf, 6 h chase, and (10) 
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Figure 25. Percent incorporâtjop of TCA-precipitable radioactivity during pulse-chase in organella 
incorporations of [ -S]-methionine, with chase versus without: with 1 h pulses of exposure 
to labelled methionine (see Figure 24) 
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Figure 26. Pulse-chase in organella incorporation experiments with 9.5 mM ATP and 200 ng/ml 
chloramphenicol (CAP) Autoradiographs of 12% SDS-polyacrylamide gels revealing [ S]-
methionine incorporation into polypeptide from 0.8 mg mitochondrial protein of (a) (1) 
B37T, no CAP, (2) B37T, with CAP, (3) B37TRf, no CAP, (4) B37TRf, with CAP; all in (a) 
had a 30 min pulse and a 60 min chase; and (b) (1-6) B37,30 min pulse and (1) no chase, 
(2) 0.5 h chase, (3) 1.5 h chase, (4) 1 h chase, (5) 3 h chase, (6) 18 h chase; (7-12) B37TRf, 
30 mm pulse and (7) no chase, (8) 0.5 h chase, (9) 1.0 h chase, (10) 1.5 h chase, (11) 3 h min 
chase, and (12) 18 h chase 
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Figure 27. Percent incorporation of TCA-preclpitable radioacivity during pulse-chase in organello 
incorporations of [ S]-methionine, with chase versus without: with chloramphenicol 
(CAP) to prevent translational run-off; (a) with 30 min pulses of exposure to [ S]-
methionine followed by 60 min chases and (b) all with 30 min pulses followed by chases of 









8 0  • •  
70 -




2 0  • •  
1 0  • •  
0 — 
0.5 
CMS-T a- CMS-TRf 
1.0 1.5 3.0 
TIME CHASE (In hours) 
18.0 
• no CAP • with CAP 
CMS-T CMS-TRf 
89 
incorporation (Figures 24 to 27), If T-URF13 is selectively degraded in TRf mitochondria to levels 25 to 
30% of that in T, then this degradation occurs very soon after protein synthesis. 
In order to observe general rates of protein degradation in isolated maize mitochondria, other 
pulse-chase experiments were carried out with longer pulses and much longer chases. Results from 
these experiments indicate breakdown during the chase took place at generally the same rate for all of 
the polypeptides made in organella (Figure 25). Incorporation into acid-precipitable counts dropped the 
most (20%) during the time between the 30 and 60 min chases, then more slowly thereafter (Figure 25). 
Other pulse-chase experiments were carried out with ATP (9.5 mM) and/or chloramphenicol 
(200 /ig/ml) added to the incorporation reactions. Additional ATP was used with the justification that 
an in organella degradation system would need energy, and could deplete the system's ability to 
synthesize ATP during the long chase times. Chloramphenicol was added to inactivate the ribosomes, 
and therefore stop the continued synthesis of protein during the chase. In these experiments, especially 
when ATP was added, polypeptide degradation seemed to occur more rapidly when chloramphenicol 
was used (Figures 26 and 27). T-URF13 may be degraded more rapidly in organella in TRf than T, but 
more precise quantitation (eg., with anti-T-URF13) is required for a conclusive test. 
Presence of T- URF13 protein jn nolvsomal fractions 
Because the immunoselection experiments were not successful, the protein in T and TRf from 
the ribosoraal and the polysomal fractions of gradients over which equal A260 units of crude 
mitochondrial polysomes had been fractionated was extracted and analyzed on Western blots for the 
presence of T-URF13. This experiment seemed justified because the anti-T-URF13 antibody was a 
high-affinity, polyclonal antibody, and so could be expected to recognize a nascent (shorter than full-
length) T-URF13 molecule. Indeed, this is the same rationale for use of the antibody in 
immunoselection experiments, except that polypeptides extracted from the polysomes have an even 
greater chance of being recognized by the antibody than do nascent peptides on polysomes. Protein 
Figure 28. Western analysis of fractionated mitochondrial polysomes from CMS-T and TRf maize; (a) 
with anti-T-URF13 and alkaline phosphatase (see Materials and Methods), (1) 0.8 mg 
B37T whole mitochondrial protein, (2) protein isolated from the top half of a gradient 
containing B37T mitochondrial polysomes, ribosomal subunits through dimers, (3) protein 
isolated from the bottom half of a gradient containing B37T mitochondrial polysomes, 
multimeric polysomes, (4) 0.8 mg B37TRf whole mitochondrial protein, (5) as (^. but from 
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extracted from the part of the gradient containing ribosomes, monosomes and dimers contained a very 
small amount of T-URF13, and this amount was the same in both T and TRf (Figure 28a, lanes 2 and 5) 
The amount of T-URF13 in the polysomal fractions, however, was at least two-fold greater in T 
mitochondria than in TRf (Figure 28a, lanes 3 and 6), relative to the initial A260 units loaded onto the 
gradients. To investigate the possibility that CMS-T mitochondrial polysomes nonspecifically bind more, 
polypeptides than do those of TRf, bound anti-T-URF13 was removed from the filter by treatment with 
50 mM glycine, pH 2.2, and re-probed with [l^^Ij-strepavidin (courtesy E. Wurtele). An enrichment for 
biotinylated polypeptides in CMS-T mitochondrial polysomes versus TRf was not observed. Indeed, 
more biotinylated polypeptides were associated with the monosomal fractions of both CMS-T and -TRf 
polysomes, and more with TRf than with T (Figure 28b). 
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DISCUSSION 
Characterization of Maize Mitochondrial Polyribosomal Transcripts 
As part of an effort to improve our understanding of higher plant mitochondrial protein 
synthesis, the polyribosomal fraction from the mitochondria of dark-grown shoots was isolated. This 
work demonstrates for the first time the isolation and characterization of mitochondrial polysomes from 
any plant. The polysomal fraction, obtained by high-speed sedimentation from a mitochondrial lysate, 
yields absorbance profiles characteristic of polysomes when resolved on linear density sucrose gradients 
(Larkins, 1985; Figures 2 to 4; 16 to 19). RNA homologous to the 18S, 5S rRNA gene and to the 26S 
gene was found throughout the gradient (Figure 16). After treatment with RNase, puromycin, or EDTA, 
the profiles collapsed into major peaks of 77 to 78S, and minor peaks of 60S and 44S, corresponding to 
the monosome, and the large and small mitochondrial subunits, respectively (Figure 4). The peaks were 
therefore not due to non-specific aggregation of ribonucleoproteins, but were almost entirely the result 
of the presence of polyribosomal structures. 
The mitochondrial polysomes of maize appear to be distinct from cytosolic polysomes in 2 ways: 
Like the organellar polysomes of other organisms (Avadhani and Buetow, 1972), they are assembled into 
relatively few subunits and are more sensitive to high ionic conditions. When maize mitochondrial 
polysomes were isolated in buffers containing greater than 50 mM KCl or potassium acetate, a 
significant reduction in the maximum polysome length was observed (Tables I and II). Buffers optimized 
for the isolation of organelle polysomes of other organisms typically contain 20 to 25 mM KCl (Avadhani 
and Buetow, 1972; Lambowitz, 1979; Avadhani et al., 1974). In contrast, buffers optimized for the 
isolation of cytosolic polysomes often contain 300 to 500 mM KCl (Larkms, 1985). Sodium heparin, 
which inhibits the action of RNase on maize mitochondrial polysomes even at 10 //g/ml (Figure 2), when 
used in concentrations greater than 100 /4g/ml, did not compensate for the apparent sensitivity of the 
maize mitochondrial polysomes to the increased salt concentration. (Addition of 100 //g/ml sodium 
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heparin to polysome isolation buffers containing SO mM KCl and 25 mM MgCl brought the buffer salt 
concentration to about 89 mM.) This work extends the observation of Michel et al. (1977), who reported 
the selective dissociation of Neurospora crassa mitochondrial polysomes in buffers containing 500 /ig/ml 
sodium heparin, and indicates that maize mitochondrial polysomes are even more sensitive to high salt 
than are yeast mitchondrial polysomes. 
The mitochondrial nature of the polysomal mRNA was demonstrated by hybridization 
experiments with clones of known mitochondrial genes. Hybridization was observed to the cob, coxl, 
coxll, T-atpA, atp6, T-urfU, mxl8,5 and rm26 genes (Figures 6-10; 13-21). Hybridization patterns 
generally resemble those seen when whole mitochondrial RNA was probed with these genes, although 
the quantity of particular transcripts sometimes differs between the two fractions of mitochondrial RNA 
(see Results). Because of the existence of multiple transcripts for most genes in plant mitochondria, this 
analysis of polysomal transcripts is the first and, so far most direct, means of identifying which transcripts 
are used as template for protein synthesis in these organelles. 
That more than one transcript of a particular gene may encode a functional protein in the 
mitochondrion of maize is indicated by the presence of multiple transcripts in higher-order 
polyribosomes (Figures 13 to 15; 18 to 19). All of the major transcripts of the cob gene are found in 
higher-order polysomes, while differential distribution of those of atp6, T-atpA, coxl and atp9 are seen in 
higher-order mitochondrial polysomes. All of these genes, except for coxl in OH43 (Figure 13), but not 
in B73N (Figure 14), are represented by one more than one size of transcript in larger polysomes. 
Transcript editing is widespread in higher plant mitochondria, and it is becoming clear that the multiple 
transcripts characteristic of higher plant mitochondrial genes include unedited, partially edited and fully 
edited species (Walbot, 1991; Mulligan, 1991). Preliminary reports indicate that maize mitochondrial 
polysomal transcripts are fully edited (Mulligan, 1991, describing unpublished work), although the sizes 
of these transcripts have not been published, nor have any specific data concerning the methods of 
isolation of these transcripts. 
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RNA extracted from mitochondrial polysomes drove the synthesis in a wheat germ extract of 
proteins that migrate under electrophoresis like those made in the same system using whole 
mitochondrial RNA (Figures 11 and 12). Neither type of mtRNA yielded a population of polypeptide 
products similar to that made in vitro by cytosolic RNA. These results indicate that a heterologous 
system (the wheat germ extract) can be optimized for the translation of plant mtRNA. Inhibitor studies 
using chloramphenicol and cycloheximide in the wheat germ extract were carried out as part of this 
project. It was found that both inhibitors partially suppressed in vitro synthesis of polypeptides from 
mtRNA (data not shown), indicating that cytosolic and organellar ribosomes translated the mtRNA (E. 
Hack and V. Crane, unpublished results). 
Although inclusion of heparin in polysomal isolation buffers allowed extraction of larger 
structures than those obtained without this RNase inhibitor, RNA isolated from polysomes in heparin 
did not effectively drive the in vitro translation of many proteins (Figure 11). The efficiency of 
translation of polysomal RNA increased when human placental ribonuclease inhibitor was substituted 
for heparin (Figures 12). A set of proteins was synthesized which migrated in one-dimensional 
electrophoresis almost exactly like that synthesized from whole mtRNA, including the large-molecular-
mass polypeptides characteristically synthesized in this system from N mtRNA (E. Hack, L. Girton and 
V. Crane, unpublished results). Quantitative differences, however, were observed between the rates of 
synthesis of at least two proteins. ATP9 and a probable mitochondrial ribosomal protein (E. Hack, pers. 
comm.) were synthesized more rapidly from polysomal than whole mtRNA. It may be that a larger 
proportion of the polysomal mtRNA encoding these polypeptides was, for whatever reason, translatable. 
These differences are further indications of transcript selection at the level of translation in maize 
mitochondrial RNA. 
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Translational Control of T-urfl3 Expression in TRf Maize 
The T-urfl3 transcript populations in maize mitochondrial polysomes from CMS-T and -TRf 
lines were analysed in order to understand how reversion to fertility might occur. Interestingly, although 
TRf mitochondria synthesize T-URF13 only about 25 to 40% as rapidly as do T mitochondria, about the 
same amount oîT-u/fl3 message is found bound to higher-order polysomes (Figures 18 and 19). 
However, the amounts of T-URF13 bound to the mitochondrial polysomes in the two cytoplasms more 
closely mirror the steady-state levels of T-URF13 in isolated mitochondria (Figure 25). This finding 
strongly supports the hypothesis that reversion to fertility in TRf maize involves a nuclearly-controlled 
alteration in mitochondrial translation. 
Several lines of evidence have led to the idea that one or both of the restorer genes, Rfl and 
Rf2, both of which are required for full restoration to fertility, are responsible for altering the expression 
of T-iirfU at the level of translation. Rfl has been implicated in transcriptional control of the T-urfl3: 
the TRf-specific 1.6 kb transcript is dependent upon the presence of Rfl. Rf2 does not alter transcript 
levels in TRf mitochondria (Dewey et al., 1987). However, the steady-state levels of T-URF13 in TRf, 
both in organella and in vivo, are 25 to 40% of that in T mitochondria (Fox and Leaver, 1982; Figures 22 
to 25). In addition, immunoprecipitation experiments carried out by E. Hack (unpublished results) have 
shown that the same amounts of T-URF13 are produced when TRf and T mtRNA are used as templates 
for in vitro protein synthesis. 
Typically, very little of the 1.5 kb transcript was seen in T polysomal mtRNA. This may be 
expected, because this transcript is initiated 3' to the translation start of T-URF13 (Kennell and Pring, 
1989). The 1.6 kb transcript of TRf was abundant in polysomal mtRNA. This transcript also starts 3' of 
the T-URF13 start site, but not as far into the coding region of T-URF13 as the 1.5 kb transcript (+14 
versus +43, respectively; Kennell and Pring, 1989; Figure 19). There exists an internal ORF in l-iirfU 
which could encode an 8 kDa polypeptide (Dewey et al., 1987). The presence of the 1.6 kb transcript in 
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TRf polysomal mtRNA may indicate that the 8 kDa polypeptde is synthesized in TRf mitochondria, 
although this polypeptide originates from an early termination of translation. 
Fractionated polysomal mtRNA from T and TRf showed patterns of l-urfl3 transcripts in 
higher-order polysomes similar to those seen in RNA from unfractionated polysomes. Transcripts of T-
urfl3 were in about equal abundance in the higher-order polysomes of the two cytoplasms, although the 
polysomal profile (the A254 profile) of TRf usually contained relatively more dimers and trimers than 
did that of T (Figures 18 and 19). Therefore, the differences in levels of T-URF13 in TRf and T cannot 
be explained by reduced association of mitochondrial polysomes with T-urfl3 trancripts in TRf. 
A series of pulse chase experiments was done to investigate the possibility that T-URF13 
undergoes very rapid turnover in TRf, but not T, mitochondria. These experiments were carried out 
with isolated mitochondria, because the levels of T-URF13 are seen to be reduced in TRf after in 
organella protein synthesis as well as in mitochondrial protein directly extracted from the plant. It does 
not seem that a preferential degradation of T-URF13 exists in TRf. Indeed, the differences in T-URF13 
levels are established after 10, and probably even 5, minutes (Figure 22). Longer pulses and very long 
chases, to allow unambiguous observation of T-URF13, were carried out with chloramphenicol to stop 
protein synthesis during the chase. In these cases, protein is degraded, first rapidly and then more slowly 
(Figure 24), in both T and TRf mitochondria at about the same rate. Some experiments indicated that, 
after very long (15 to 18 h) chases, T-URF13 may be degraded more in TRf than in T, but this is in 
addition to the steady-state difference observed, and is not responsible for it, because the differences in 
the levels of T-URF13 between the two cytoplasms is apparent after only about 30 min. 
Because immunoselection experiments were unsuccessful, proteins were extracted from T and 
TRf mitochondrial ribosomes and polysomes after isolation by sucrose density gradient centrifugation. 
The amount of material absorbing at A254 was the same in the T and TRf polysomal profiles from which 
these protein preparations were made, polysomes:total (or P/T) (data not shown). It was found that at 
least twice the amount of nascent T-URF13 was associated with polysomes from T versus TRf 
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mitochondria (Figure 28). So, although about the same total amounts of T'Urfl3 transcripts were in 
higher-order T and TRf polysomes, the characteristic difference in the amounts of T-URF13 synthesized 
by the two cytoplasms is reflected in the amount of the protein associated with polysomes. It may be that 
the rates of synthesis from each T-urfl3 transcript differ in T and TRf. In addition, these observations 
could be explained by a machinery which selectively degrades a certain amount of T-URF13 while still 
associated with polysomes. This machinery could be encoded by Rf2. The restorer genes are, 
essentially, nuclear mutations to fertility, and so could be expected to operate mainly to regulate the 
expression of a "deleterious" mitochondrial gene. The precise role of the mitochondrial translation 
apparatus in this phenomenon awaits the construction of a mitochondrial polysomal run-off system, 
along with purification of the Rf2 gene product. 
This work was initiated in order to investigate the role of translation regulation in the control of 
gene expression in higher plants. It has shown that all maize mitochondrial transcripts are not recruited 
onto polysomes equally, although, surprisingly, most of the multiple transcripts of particular maize 
mitochodrial genes are polysomal. As in the case otT-urfl3 translation in CMS-T and -TRf 
mitochondria, transcript selection at the polysomal level may explain different steady state levels of a 
polypeptide observed between cytoplasms, in spite of equal amounts of potentially translatable RNA in 
both. This work will hopefully serve as a beginning to the dissection of trancript selection and use in 
higher plant mitochondria. 
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Appendix Piasmids used in this study 
gene^ gene product cloned fragment vector source reference 
T-alpA. ATP synthase, F j complex, 
subunit 2, T (Texas) 
cytoplasm 
4.2-kb Hindm pUC19 Levings^ Braun and 
Levings, 
1985 
atp6 ATP synthase, Fq complex, 
subunit 6 
2.7-kb Hindin pUC13 Levings Dewey et 
al, 1985a 
atp9 ATP synthase, Fq complex, 
subunit 9 
2.2-kb Xbal pUC13 Levings Dewey et 
al, 1985b 
cob apocytochrome B 0.68-kb Hindll-
EcoKl 
pBR328 Leaver^ Dawson et 
al, 1984 
®A11 genes are mitochondrial except for psbA, which is plastid-encoded, and cab, 
which is encoded in the nucleus. The mitochondrial genes are all from maize. The psbA gene is from pea, and the cab 
gene is from maize. The mitochondrial genes are named according to the standardized nomenclature adopted for plant 
mitochondrial genes, Lonsdale and Leaver, 1988. 
^Dr. C.S. Levings, III, Department of Genetics, North Carolina State University. 
^Dr. C.J. Leaver, Department of Botany, University of Edinburgh. 
•^Dr. D.R. Pring, Department of Plant Pathology, ARS-USDA, University of Florida. 
®Dr. J.E. Mullet, Department of Biochemistry and Biophysics, Texas A & M University. 
'Df. J.T. Colbert, Department of Botany, Iowa State University. 
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